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Tue OBJECTIVE jf designed by Hillier [1] for 
ultra-thin sections has proved to be applicable for 
fiber surface replicas. The inherent high contrast of 
this objective is such that metal-shadowing is un- 
necessary for many replicas. This not only saves 
specimen preparation time, but also renders the in- 
terpretation of the photomicrographs easier in many 
cases, as will be shown. 

The objective used was constructed after the de- 
sign of Hillier [1], being slightly modified to fit the 
model “‘B” electron microscope. Instead of using a 
ring to raise the specimen holder, a standard speci- 
men holder was reduced in length approximately 5 
mm. to give the requisite focal length. (Note: The 
shortened specimen holder is the same length as the 
standard “B” stereo holder. Stereophotomicrographs 
proved very useful and informative, especially in the 
case of unshadowed replicas.) The magnification 
range with the low gain spacer in the projector pole 
piece was approximately 600 to 6000 for our particu- 
lar instrument. 


* This paper was presented in part at the 1951 meeting of 
the Electron Microscope Society of America in Philadelphia, 
November 8-10, 1951. 

t Available from R.C.A. under the title of “Wide-Field 
Objective for the Model ‘U’ Electron Microscope.” 


Specimen Preparation 


Three types of replicating materials have been used 
successfully with the special objective—nitrocellulose, 
evaporation ; ethyl cellulose, heat and pressure mold- 
ing; polystyrene, heat and pressure molding. Exact 
details of making the replicas are found elsewhere [2, 
4]. All three materials have their advantages and 
disadvantages depending largely upon the character- 
istics of the fiber examined. Heat stability, ease of 
removal from the replica, etc., are some of the factors 
involved. 

A very useful device for preparing replicas is shown 
in Figure 1, which is a filament holder constructed 
to position fine filaments so that they are parallel and 
under slight tension. Length is adjustable for long 
or short fibers. The holder consists of one fixed and 
five movable 4-in. thick washers set in a frame that 
can be varied in length. A light spring holds the mov- 
able washers against the fixed one. In use, the fibers 
are pressed between the washers and can thus be held 
under tension and paralleled. The holder is es- 
pecially useful for nitrocellulose replicas since all 
five samples can be placed on the partially dried film 
at the same instant. For heat and pressure molded 
replicas (as well as the nitrocellulose type), by hav- 
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ing the fibers oriented, exact control of the shadowing 
direction is possible when the samples are metal- 
shadowed [5, 6]. The 4-in. spacing of the fibers 
allows specimen screens to be punched from any of 
the samples without interference with adjacent im- 
pressions. 

Figures 2 and 3 show another useful accessory, a 
wooden “mounting” block on which the pressure 
molding “sandwich” can be assembled and clamped 
without disturbing the position of the filaments. In 
use, a microscope slide coated with the replicating 
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material is centered over the two grooves in the block; 
the samples, stretched in the fiber holder, are then 
placed over the coated slide (Figure 2) ; the “sand- 
wich” is completed with another slide, heat-resistant 
rubber, and a strip of wood. The grooves in the 
mounting block allow “C” clamps to be positioned 
without disturbing the assembly, as shown in Fig- 
ure 3. (Only one clamp is shown in the illustration; 
the position of the second is indicated by the groove). 

The very high contrast of the special objective en- 
ables the use of a very much thinner layer of shadow- 
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Fic. 1. Filament holder used for 


preparing replicas. 


Fic. 2. Same as Figure 1, showing 
“mounting” block. 
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Fic. 3. Same as Figure 2, showing 
clamp. 
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ck; ing metal, and in many cases shadowing is un- 
hen necessary. The unshadowed replicas are very use- 4 
nd- ful for investigating soil retention in relation to fiber ° 
fant surfaces because not only do they eliminate the mak- ; 
the ing of the positive transparency for the negative print, 
ned but also the conventional black of the soil in the nor- 4 
‘ig- {mal positive is much easier for the layman to interpret. a 
on; It is well worth the extra trouble when making a 7 
re), stereo pair to orient the length of the fiber impression 
en- parallel to the axis of tilt of the stereo holder. This b 
w- not only provides a ready reference for the “stereo A 
base line,” regardless of the projector setting, but also ‘s 
tilts the specimen in the least disturbing direction. : 
Careful centering of the replica before punching out 
the screen also “pays off” in keeping the focus (and Wi 
magnification) constant between exposures when j 
photographing the stereo pairs. : ; 
for The following are examples of the performance of 
the high-contrast objective on various types of fiber 
replicas. " 
Figure 4: Silk; nitrocellulose replica; palladium- | 
shadowed ; 3-1 shadowing angle ; approximately 20,- 
000x magnification. The sample was a very coarse . 
filament of real silk. Fic. 4 5 
' 
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Before stretching. After stretching 20%. 


Unshadowed. 
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Figure 5: Nitrocellulose replicas of cellulose acetate 
before and after stretching 20%; palladium-shad- 
owed; 3-1 shadowing angle; approximately 20,000 
X magnification. The after-stretch was made on a 
single filament. Note the surface cracks. This ef- 
fect was postulated by Simmens and Howlett [3] by 
its effect on the dyeing of cellulose acetate after 
stretching, saponifying, and dyeing. This surface 
crazing or cracking was common to all commercial 
cellulose acetate samples tested in this manner. 

Figure 6: Viscose rayon; polystyrene replica; 
unshadowed; approximately 2,500 magnification. 
This shows the detail revealed by the high-contrast 
lens. The most informative replicas of viscose rayon 
are those which do not include the deep crenulations of 
this fiber as the very high contrast only reveals the 
serration and obscured surface details. This photo- 
micrograph also demonstrates that the amount of 
surface detail is nearly as great as that revealed by 
shadowing. 

In Figure 7 the direct comparison of an unshadowed 
and a shadowed replica of soiled wool reveals one of 
the outstanding advantages of the plain replica. The 
replica (ethyl cellulose) was first photographed “as 


” 


is,” and then shadowed with palladium, using a 3-1 


Palladium-shadowed. 
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Fic. 10. Ethyl cellulose replica. 


Fic. 9. Polystyrene replica. 
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shadowing angle, and the same field rephotographed. 
(Magnification was approximately 2,500x.) The 
plain replica not only shows the “dirt” in relation to 
the scales of the wool, but also shows the “soil” as 
conventional black. The “white” dirt of the shadowed 
replica is sometimes confusing to the uninitiated. 
Note also that dirt in the palladium-coated replica does 
not cast a “shadow.” The reason for this, however, 
is fairly obvious—the “soil” has been pressed into the 
plastic replica itself and thus is an integral part as it 
projects into the molding material. Shadowing, 
therefore, reveals little additional information. The 
exact location of the “dirt” is much better shown 
by stereo. Figure 8 shows a stereo pair of an ethyl 
cellulose replica of soiled wool (magnification, 2,000 
xX), which shows the dirt clinging to the overlap of 
the wool scales. Broken scale edges also afford points 
for attachment for the soil. 

Figures 9 and 10: These give a comparison between. 
polystyrene and ethyl cellulose replicas of soiled wool 
(magnification, approximately 2,500x). Ethyl cel- 
lulose has been found to be slightly superior to poly- 
styrene for the direct replica since it stands the shock 
of punching out the replica better and tends to cling 
tighter to the supporting screen. Under the same 


treatment, polystyrene shows a decided tendency to 
crack and curl away from the meshes of the screen. 
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Conclusion 


The high-contrast, low-magnification lens of Hil- 
lier for the electron microscope is shown to give an 
excellent performance in the study of fiber replicas, 
Different types of replicating materials are compared 
and their advantages and drawbacks noted. One un- 
expected observation is that metal shadowing adds 
little additional information in the case of soiled fibers, 
as is shown by direct comparison of the same field. 
This is due to the mechanics of replica formation in 
that the “soil” is pressed into the replica. Stereo is 
shown to be very useful in determining the exact lo- 
cation of “dirt” on a soiled fiber. 
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Cellulose Studies 
Part XVII. The Heterogeneous Acid Degradation of Cellulose* 


Frederick W. Bauer} and Eugene Pacsut 


Contribution from Textile Research Institute and Frick Chemical Laboratory, Princeton University, 
Princeton, New Jersey 


Introduction 


The results of most investigators on the hetero- 
geneous degradation of cellulose are in general agree- 
ment. Staudinger and Sorkin [31], using the 
cuprammonium viscosity method for D.P. measure- 
ments to follow the degradation in fairly strong acid 
media (N organic and inorganic acids at 53°C), 
found that the D.P. dropped off rapidly to a value of 
150-200 and then slowly decreased with time. Since 
these results were published, others [1, 2, 3, 6, 8, 13, 
14, 19, 20, 21, 23, 25, 27] have found similar results 
for the acid degradation—a rapid drop in D.P. fol- 
lowed by a much slower decrease at D.P.’s around 
200. The hydrolysis of regenerated cellulose in 
1N hydrochloric acid at 60°C was studied by Mehta 
and Pacsu [16], who found a “limit hydrocellulose” 
at D.P.~60. They also studied surgical cotton, and, 
on treatment with milder acids (10% lactic acid and 
a mixture of 10% acetic acid and 10% sodium chlo- 
ride at 87°C and 97°C), found a “limit hydrocel- 
lulose” of D.P.~250. In both cases the D.P. 
dropped abruptly to the limiting values and then re- 
mained essentially unchanged by the treatment. 

Two schools of thought have arisen in interpret- 
ing the results of heterogeneous acid degradation of 
cellulose. Most workers agree on experimental find- 
ings, but disagree on how these facts should be ex- 


* This article is based on a thesis submitted by Frederick 
W. Bauer in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at Princeton University. 

Part I appeared in the Oct., 1945, issue of TEXTILE 
RESEARCH JouRNAL; Parts II-VIII appeared in the Mar., 
Apr., June, July, Aug., Oct., and Nov., 1946, issues, re- 
spectively ; Part IX was in the Aug., 1947, issue; Part X 
in the July, 1948, issue; Parts XI and XII in the Oct. and 
Nov., 1949, issues, respectively ; Parts XIII-XV in the Dec., 
1949, issue; and Part XVI in the Jan., 1952, issue. 

+ Research Fellow, Textile Research Institute. 

¢ Professor of Chemistry, Princeton University, and staff 
member in charge of the Organic Chemical Section, Textile 
Research Institute. 


plained. The more popular explanation at the pres- 
ent time considers the presence of amorphous and 
crystalline regions to control the hydrolysis, as 
originally described by Nickerson [20] and David- 
son [6]. According to this theory the cellulose 
chains, made up of glucose anhydride units con- 
nected through 1,4-8-glycosidic bonds, pass from 
crystallite to crystallite through disoriented regions 
which are amorphous in character. The rapid initial 
fall of the degree of polymerization is attributed to 
the splitting of the chains in the easily accessible 
amorphous regions. The slow second degradation is 
considered to be the attack on the more inaccessible 
crystallites. 

The alternate concept of weak, acid-sensitive 
bonds in the single chains, advanced by Schulz and 
Husemann [27] and Sihtola [28], or between 
adjacent cellulose chains, set forth by Pacsu [22, 
23, 24], explains the two rates in the following 
manner. The fast initial rate is due to the splitting 
of these weak linkages, resulting in the rupture of 
the chains at the same time. When almost all of 
these weak links occurring in the accessible regions 
are split, then the slower rupture of the normal and 
more numerous 1,4-8-glycosidic bonds becomes rate- 
controlling, and the rate of degradation falls off. 
Mehta and Pacsu [16] demonstrated these kinetics 
with the heterogeneous acid hydrolysis of surgical 
cotton and viscose rayon by both acetic and lactic 
acids at various temperatures. 

In an attempt to clarify some of the controversial 
issues concerning the heterogeneous hydrolysis of cel- 
lulose, a series of experiments was carried out for 
the purpose of gaining insight into the actual mecha- 
nism of the reaction. A mild acid hydrolysis of 
mercerized cotton cellulose was studied to ascertain 
the “limit hydrocellulose” and the rate constants 
during the hydrolysis. Also, purified native cellulose 
was degraded in mild acid for periods of 6 and 24 hrs., 
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and the products were nitrated and fractionated to 
investigate the mass distribution curves resulting 
from the hydrolysis. Another series of investiga- 
tions was carried out on mummy cloth which had 
been buried in the dry sand of a Peruvian desert for 
about 2,500 years. Finally, some interesting results 
were obtained from studies of cotton taken from 
bolls picked at varying intervals after flowering. 
Each series of investigations is discussed below as a 
separate phase. 


Investigation of Mercerized Cellulose 


The starting material was commercial cotton sew- 
ing thread (70-yd. spools of Clark’s ONT Boilfast 
sewing thread). Two grams of material were cut 
from the spools and washed for 1 hr. in a mild soap 
solution at 60°C. After drying in an oven at.55°C, 
the cotton was placed in glass-stoppered Erlenmeyer 
flasks. The latter were placed in a water bath at 
60° + 2°C, and 100 ml. of 1N hydrochloric acid was 
poured over the sample. The flasks were then stop- 
pered, and the contents were allowed to digest for 
varying periods of time. At the end of the hydrolysis 
the samples were filtered through a coarse frittered- 
glass funnel and were copiously washed with distilled 
water until the wash water was acid-free, as tested 
by methyl red indicator solution. The samples were 
then dried in an oven overnight at 100°C. The 
degree of polymerization (D.P.) of each sample was 


O41 02 03 4 OS 
CONCENTRATION -G//100 ML 


Fic. 1. Heterogeneous degradation of 
mercerized cellulose. 
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determined by cuprammonium viscosity measure- 
ments, as described by Mehta and Pacsu [16]. 
The D.P. values were calculated from the general 
equation 
D.P. = K [n], 


where [y] is the intrinsic viscosity, and K is an 
empirical constant derived from other methods of 
measuring D.P.—for example, by the ultracentrifuge. 
The reduced viscosity, nsp/c, was plotted against c 
on semilogarithmic paper, and then extrapolated to 
zero concentration to determine the [y] value. In 
general, four points were plotted, and the straight 
line resulting was extrapolated linearly to give the 
value of ysp/c at c > 0, which was taken as the in- 
trinsic viscosity, [y] (see Figure 1). 

The proportionality constant in the D.P. vs. [»] 
relation was taken from the literature for cellulose 
in cuprammonium solutions as 260 [15]. Thus, 


D.P. = 260 [»]. 


The kinetics have been worked out in accordance 
with the methods of Steele and Pacsu [32], af Eken- 
stam [9, 10], J¢érgensen [14], and Battista [1]. 
Their equation was used to determine the rate con- 
stants for the acid hydrolysis, and was expressed as 


-+( Rissa tl ) 
‘\D.P.. DP. 


where k is the rate constant, ¢ is the time of hydroly- 


sis in sec., D.P. is the average D.P. of hydrolyzed 


material at time ¢, and D.P., is the average D.P. of 
material before treatment. Table I and Figure 2 
show the rapid initial fall followed by a gradual 


50 100 150 
TIME~HOURS 


Fic. 2. Acid hydrolysis of mercerized cellulose. 
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leveling off of the rate constant and D.P. character- 
istic of two or more competing reactions. 


Investigation of Native Cellulose 


The cotton used was a sample of standard card 
sliver. This cotton was taken directly from the sliver 
and purified by the standard process [17]. 

Approximately 50-g. samples were used for the 
hydrolysis. These were ground in a Wiley mill to 
pass through a 60-mesh screen and then dried in an 
oven at 50°C. The samples were then put into glass- 
stoppered Erlenmeyer flasks and immersed in a 
water bath at 60°C. Four-hundred-thirty milliliters 
of 1N hydrochloric acid solution, previously heated 
to 60°C, were then poured over the ground cellulose, 
and the hydrolyses were run for varying periods of 
time. At the end of the hydrolysis period, the acid 
solution was filtered off through a coarse frittered- 
glass funnel, and the hydrolyzed material was washed 
in distilled water until the washings were acid-free, 
as judged by the use af Congo red paper. Cupram- 
monium D.P.’s were measured on these hydrolyzed 
samples. The results of the hydrolyses of the pur- 
ified native cellulose in 1N hydrochloric acid at 60°C 
are given in Table II. 

The nitration technique followed roughly the 
method set forth by Brownsett and Davidson [4]. 
Modifications by Davis [7] of the Hercules Powder 
Company were used in later work. Both of the above 
methods give cellulose nitrates with a nitrogen con- 
tent of about 13%. The analysis of the nitrogen 
content was that of Busch and Schneider [5], using 
the organic reagent nitron. The cellulose nitrate 
was weighed after drying, and a sample was taken 
to be fractionated by the method previously de- 
scribed. 


TABLE I. Rate ConsTaNTs FOR THE AcipD HyDROLYsIS 
OF MERCERIZED CoTToN CELLULOSE IN 1N HCI at 60°C 


Time kX10* 
(hrs.) (sec. ) [n] DP: (sec.—) 
0.0 0 8.0 2080 — 
0.5 1800 2.6 676 55.47 
io 5400 2.4 610 21.45 
3.0 10800 1.14 296 26.79 
6.0 21600 1.12 291 13.68 
14.0 50400 0.85 221 8.02 
18.0 64800 0.84 218 6.32 
24.0 86400 0.76 197 5.30 
48.0 172800 0.71 184 2.86 


189.0 680400 0.49 127 1.08 
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The D.P.’s of the cellulose nitrate fractions were 
measured in acetone solution. A weighed sample 
was dissolved in acetone to give a concentration of 
0.8 g. per 100 ml. of solution, and, by successive 
dilutions, concentrations of 0.4, 0.2, and 0.1 g. per 
100 ml. of solution were made. Kinetic energy cor- 
rections were made in calculating the viscosities [33]. 
The intrinsic viscosities were determined from a plot 
Of nsp/c vs. c on semilogarithmic paper. D.P.’s were 
then calculated according to the Staudinger equation, 


D.P. = [9]/Km, 


where K,, is an empirical constant with the values 
Ky, = 11 X 10° for unfractionated cellulose nitrates 
(c = g./100 ml. solution) and K,, = 7.8 x 10° for 
fractionated cellulose nitrates (c = g./100 ml. solu- 
tion) [13]. 

The mass distribution curves were calculated ac- 
cording to the method originally described by Schulz 
[27] and applied by Mehta and Pacsu [18]. In 
calculating the data for the integral distribution 
curve, the fractions were recorded in the order of 
increasing D.P. The difference between the total 
amount of fractions recovered and the material 
originally dissolved was considered to have a D.P. 
less than the lowest D.P. fraction and was designated 
“a.” The other calculations followed the procedure 
previously described.. The observed mass distribu- 
tion curves were then compared with the theoretical 
curves calculated from the equation derived by 
Schulz for the random hydrolysis of a uniform start- 
ing material. Tables III, IV, V, and VI, and Fig- 
ures 3 and 4 show the integral and mass distribu- 
tions obtained by the fractionations. 

The results of the fractionations indicate that there 
is an accumulation of chain lengths at D.P.~300 
after a 6-hr. hydrolysis period, and at D.P.~200 
after a 24-hr. hydrolysis period. Upon cursory ex- 
amination, these results appear to agree with the 
theory of random degradation, since the peak moves 





TABLE II. Purirrep NATIVE CELLULOSE HyDROLYZED 
In 1N HCI at 60°C 








Time 
of 
hydrol- 
ysis Weight Weight loss : 
(hrs.) — (g.) (g.) (%) (mJ D.P. 
0 — — — 11.5 2990 
6 50.0 1.45 377 


6 
7 


1 3.2 
24 50.5 0. 1.4 0.97 252 
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TABLE III. FRactionNatTion oF CELLULOSE NITRATE 
PREPARED FROM CELLULOSE HYDROLYZED FOR 
6 Hrs. 1n 1N HCI at 60°C 





Total Cumu- 
Frac- Weight weight Total lative 
tion (g.) (g.) % % [n] D.P. 


a 3.80 3.80 12.14 —_ — 
15 0.67 4.47 14.28 13.21 0.56 72 
14 0.22 4.69 14.98 14.63 0.74 95 
13 = 1.06 5.75 18.37 16.68 0.85 109 
12. 1.49 7.24 23.13 20.75 1.10 141 
Ii. 0.24 7.48 23.90 23.52 1.39 178 
1.44 8.92 26.50. 26.20 1.43. 183 
2.01 10.93 34.92 31.71 180 231 
2.65 13.58 Se CRO, RRO eee 
1.22 14.80 47.28 45.34 2.40 308 
3.02 17.82 56.93 52.11 2.66 341 
2.03 19.85 63.42 60.18 2.95 378 
2.72. 22.57 72.11 67.77 3.5 449 
2.40 24.97 79.78 75.95 3.65 468 
1.28 26.25 83.78 81.83 4.2 538 
5.05 31.30 100.000 91.94 4.8 615 
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TABLE V. THEORETICAL AND EXPERIMENTAL MAss 
DISTRIBUTION DATA FOR CELLULOSE HyDROLYZED 
FOR 6 Hrs. In 1N HCI at 60°C 





Mp Mp 
(experimental) (theoretical) 

100 0.090 0.110 
200 0.149 0.147 
300 0.200 0.147 
400 0.182 0.131 
500 0.137 0.111 
600 0.092 — 


towards the axis of ordinates as the hydrolysis pro- 
gresses. However, when compared to the theoretical 
mass distribution curves of Schulz [26], which were 
derived on the assumption that there is complete 
randomness of cleavage of a uniform chain length, 
it is readily-seen that there is an accumulation of 
chains at a higher D.P. than is predicted. The peaks 
are also somewhat sharper. This evidence casts 
doubt upon the existence of random hydrolysis in 
this experiment. Some of the breaks in the chain 
are more easily made than others, indicating the 
presence of weak links. Whether or not these links 
are uniformly placed along the chain cannot be de- 
termined from these data, which do not follow the 
hydrolysis to the limit of the degradation. 


Investigation of Mummy Cloth 


Examination and Fractionation of Mummy Cloth 


Dr. Junius B. Bird of the American Museum of 
Natural History in New York City, who, with Dr. 
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TABLE IV. FRACTIONATION OF CELLULOSE NITRATE 
PREPARED FROM CELLULOSE HYDROLYZED FOR 
24 Hrs. In 1N HCI at 60°C 








Total Cumu- 
Frac- Weight weight Total lative 
tion (g.) (g.) % % [n] D.P. 


a 1S 1.15 5.49 — — — 
20~=—s«0.18 1.33 6.35 92: O45 19 
19 0.34 1.67 7.97 7.16 0.28 36 
18 0.26 1.93 9.21 8.59 0.37 47 
17 0.90 2.83 13.50 11.36 0.48 62 
16 = 0.55 3.38 16.13 14.82 0.65 83 
15 0.75 4.13 19.70 17.92 0.78 100 
14 =: 11.05 5.19 24.76 22.23 0.88 113 
1 RS 2 6.50 31.0% 27.89 1.05 135 
12 0.81 7.31 $4.88: 32.95. 1.18. 151 
11 90.52 7.83 37.36 36.12 1.28 164 
10 = 1.04 8.87 42.32 39.84 1.38 177 

9 1.17 10.04 47.90 45.11 ae 
0.83 10.87 51.86 49.88 1.62 208 
1.50 12.37 59.02 55.44 1.76 226 
145 13.82 65.94 62.48 1.97 253 
162 15.44 73.66 69.80 2.20 282 
1.81 17.25 82.30 77.98 2.42 310 
1.86 19.11 9.37 «686.74 291 £373 
1.76 20.78 99.14 95.16 3.39 435 
0.18 20.96 100.00, 99.57 3.33 427 
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TABLE VI. THEORETICAL AND EXPERIMENTAL Mass 
DISTRIBUTION DATA FOR CELLULOSE HYDROLYZED 
FOR 24 Hrs. 1n 1N HCI at 60°C 





m m 


Pp Pp 
D.P. (experimental) (theoretical) 
50 0.131 — 
100 0.271 0.255 
150 0.306 0.264 
200 0.318 0.248 
250 0.303 0.214 
300 0.218 0.180 
400 0.152 0.116 





Rebecca Carrion of the Peruvian National Museum 
of Archaeology and Anthropology, led the expedi- 
tion that discovered an ancient civilization on the 
desert of the Paracus Peninsula near Pisco, Peru, 
donated the cotton samples which were used in this 
work. These cotton cloths were used as wrapping 
in preparing the body for burial in the desert. 

The following items were received from Dr. Bird: 


(1) Item 17—a section of plain-weave fabric 
which measured 13} ft. long by 374 in. wide. This 
material was part of the inner wrapping, and retained 
much of its original strength and pliability. It was 
a good-quality duck cloth of light brown color char- 
acteristic of Peruvian cottons. 

(2) Item 18—the largest piece of fabric found, 
which measured 87} ft. long by 114 ft. wide. The 
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12) 200 400 600 
D.R 


Fic. 3. Fractionation of cellulose hydrolyzed for 6 hrs. 
in IN HCl at 60°C. 


warp yarn was made from natural brown cotton and 
the filling was a two-tone yarn—one dark brown ply 
and one light brown ply. Since this fabric was one 
of the outer wrappings, it was severely disintegrated 
and had very low tensile strength, tending to crumble 
on touch. Both of these items were taken from the 
mummy designated as “number 49.” 

(3) A brown Peruvian cotton grown about 1947, 
included in the specimens for comparative purposes. 


Dr. W. F. Libby of the Institute for Nuclear 
Studies, University of Chicago, estimated the period 
to be 600 B.C. from radioactive dating tests. 

In the purification procedure carried out on these 
ancient cloths, a 1% K,CO, boil was substituted for 
the normal 2% NaOH solution. It was thought 
that a milder treatment would suffice in the case of 
these degraded fibers to remove the noncellulosic 
fraction. Following is the purification scheme and 
the loss of weight from each step. The loss is re- 


lated to the total weight at the beginning, which . 


was based on drying a sample overnight in an oven 
at 55°C. 
Purification Procedure.— 


(a) The sample was extracted in acetone for 6 
hrs. using a porous thimble in a Soxhlet extractor, 
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Fic. 4. Fractionation of cellulose hydrolyzed for 24 hrs. 
in IN HCl at 60°C. . 


and then dried overnight in an oven at 55°C. 

(b) The sample was similarly extracted with 
benzene and dried. 

(c) The sample was boiled in 150 ml. of 1% 
K,CO, in an “oxygen-free” nitrogen atmosphere 
under reflux for 6 hrs. The carbonate solution was 
then centrifuged off, and the sample was washed with 
water until neutral. The sample was allowed to 
stand overnight in water, and then the excess water 
was centrifuged off. A fresh 150-ml. portion of 
K,CO, solution was added, and the cycle was re- 
peated three times. 

(d) After the third basic refluxing, the sample was 
washed until the wash water was neutral; excess 
water was again centrifuged off. 

(e) The sample was washed three times with 
fresh methanol, with centrifuging between each wash- 
ing. 

(f) The sample was dried in an oven at 55°C. 

Table VII shows the loss of weight during the 
purification and the cuprammonium D.P.’s of items 
17 and 18. 

Whether item 18 contained a greater proportion 
of noncellulosic material than item 17— a doubtful as- 
sumption—or whether it contained a certain amount 
of foreign substances (dyes, etc.) has not been de- 








TABLE VII. PuriricaTtion oF Mummy CLOTH 
Item 17 Item 18 
Initial weight 5.16 g. 4.94 g. 
Acetone extraction 5.07 g. 4.77 g. 
Loss 0.09 g. (1.74%) 0.17 g. (3.44%) 
Benzene extraction « 4.98 g. 4.69 g. 
Loss 0.09 g. (1.74% 0.08 g. (1.62%) 


Final product (after 


K2CO; treatment) 4.43 g. 2.47 g. 


Loss 0.55 g. (10.63%) 2.22 g. (45.00%) 
Total loss 0.73 g. (14.15%) 2.47 g. (50.00%) 
[n] 3.25 0.93 
Cuprammonium D.P. 845 242 





termined. Needless to say, a 50% loss is quite large 
in comparison to the losses involved in the purifica- 
tion of native celluloses. 

These results are consistent with the differences 
in physical appearance of the two materials. Item 
18 had very low tensile strength, and crumbled to a 
powder on handling, thus indicating considerable 
degradation. Since this material had a D.P. of 242, 


TABLE VIII. FRACTIONATION OF CELLULOSE NITRATE 
PREPARED FROM Mummy CLortu, ITEM 18 


Total 
Frac- Weight weight 


Cumu- 


Total lative 


tion (g.) =.) % % [4] D-P. 
a 1.04 1.04 19.9 — — — 
11 0.08 1.12 21.8 20.9 0.16 21 
10 = 0.11 1.23 24.0 22.9 0.37 47 
9 0.13 1.36 26.5 25.3 0.59 76 
8 0.18 1.54 30.0 28.3 — 0.78 100 
7 0.28 1.82 35.5 32.8 0.89 114 
6 0.28 2.10 40.9 43.2 1.11 142 
5 0.23. . 2.33 45.4 43.2 1.25 160 
4. O26 261 50.9 48.2 1.46 187 
3. B62 5.23 62.9 56.9 1.82 233 
2 0.56 3.79 73.9 68.4 2.27 291 
1 1.34 5.13 100.00 87.0 3.55 456 


TABLE IX. THEORETICAL AND EXPERIMENTAL MAss 
DISTRIBUTION DATA FOR THE FRACTIONATION OF 


ITEM 18 
Mp Mp 
B.P. (experimental) (theoretical) 

50 0.081 0.182 
100 0.179 0.244 

125 0.236 — 
150 0.240 0.243 

175 0.244 — 
200 0.227 0.215 
250 0.185 0.180 
300 0.155 0.143 
350 0.136 0.112 
400 — 0.086 

450 0.068 — 
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it may be considered to be “limit cellulose,” and rep- 
resents the ultimate in natural degradations. Item 
17, on the other hand, was extremely flexible and 
strong. It had the appearance of a good-quality 
duck, and gave no evidence of degradation. This is 
confirmed by the cuprammonium D.P. determina- 
tions. It seems evident that the main source of 
degradation would arise from the slight amount of 
moisture available to the outermost fabrics, while 
those on the inside were protected. 

For fractionation, a larger sample (7.87 g.) of 
item 18 was purified as above, except that the 
methanol wash was followed by an ethyl ether wash 
and the sample was then dried at 55°C. A yield of 
3.87 g. was realized, indicating a loss of 52%. The 
purified ancient cellulose (4.98 g.) was steeped in 
500 ml. of nitrating mixture (procedure of Davis 
[7]} and nitrated for 4 hrs. at 0°C. The nitrate was 
worked up and stabilized according to the procedure 
set forth by Davis, yielding 8.05 g. This is an 86.4% 
yield, calculated on the basis of complete nitration. 
The nitrogen content was determined by the precipi- 
tation of nitron nitrate according to the procedure of 
Busch and Schneider [5]. Duplicate analyses gave 
nitrogen contents of 12.93% and 12.95%. The the- 
oretical nitrogen yield for trinitrocellulose is 14.14%. 
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A solution of this nitrate was made by dissolving 
5.13 g. in 500 ml. of pure acetone for the fractiona- 
tion procedure. Tables VIII and IX and Figure 5 
give the results of the fractionation of mummy cloth, 
item 18. 

Purification of 7.12 g. of the crude fabric from item 
17 was carried out by the method already described. 
The yield of purified material was 5.92 g., or a loss 
of 16.9%. This loss agrees with that found with the 
preliminary purification procedure (14.2%). After 
combining the purified material with that of the test 
experiment, 5.92 g. were steeped in 300 ml. of nitrat- 
ing mixture for 4 hrs. at 0°C (Davis’ method). The 
yield was 9.98. g., or 90%. The nitrogen content 
(Busch and Schneider method) gave duplicate re- 
sults of 13.28%. 

The fractionation mixture was made by dissolving 
7.03 g. in 700 ml. of acteone. Tables X and XI and 
Figure 6 give the results of fractionation of mummy 
cloth, item 17. 

The theoretical and experimental mass distribu- 
tion curves nearly coincide in the fractionation of 
item 18. In the case of item 17, which was only par- 
tially degraded, there is a decided peak in the experi- 
mental curve at D.P.~700. It seems quite possible 
that after 2,500 years the rupture of the accessible 
acid-sensitive bonds would have long since ceased and 
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equilibrium been established in the cleavage of the 
1,4-8-glycosidic bonds. In this period of time the 
relatively short life of the acid-sensitive interchain 
linkages would not affect the over-all degradation. 
The more abundant cellobiose link would show a 
random breaking with each bond equally available. 
Thus, with essentially all of the accessible acid-sensi- 
tive bonds being broken in a short space of time, the 
random cleavage, oxidative or hydrolytic, of the gly- 
cosidic bond could ‘become evident in the ages to 
follow. 

Considering now the mass distribution curves of 
item 17, which was only partially degraded, it is 
possible that the acid-sensitive bonds are not yet com- 
pletely severed. The observed peak is very sharp 
in relation to the theoretical distribution, which is 
based on random hydrolysis. One interpretation of 
this result is that the number of glucose anhydride 
units between the postulated weak links is quite 


. TABLE X. FRACTIONATION OF CELLULOSE NITRATE 


PREPARED FROM Mummy CL Lora, ITEM 17 


Total Cumu- 
Frac- Weight weight Total lative 
tion (g.) (g.) % % fn] DP. 


a. LB. res 14.95 — — — 
is Gata 18.80 16.88 0.68 87 
12 @23. tf 22.35 20.58 1.31 168 
11 0.19 1.76 25.05 23.70 2.12 272 
10 0.29. 205 29.15 27.10 2.6 333 
0.48 2.53 36.05 32.60 3.2 410 
0.51 3.04 43.25 39.65 3.9 500 
0.37 3.41 48.60 45.93 4.55 583 
0.49 3.90 55.50 52.05 4.95 635 
1.28 5.18 73.70 64.60 6.1 782 
0.47 5.65 80.40 77.05 6.2 795 
0.51 6.16 87.70 84.05 7.1 910 
0.38 6.54 93.10 90.40 8.4 1077 
0.49- 7.03 100.00 96.55 11.3 1449 


mh We UD TOO O 


TABLE XI. THEORETICAL AND EXPERIMENTAL MAss 
DISTRIBUTION DATA FOR THE FRACTIONATION 


oF ITEM 17 
My Mp 
Lbs os (experimental) (theoretical) 
100 0.0213 — 
200 _ 0.1090 
300 0.0552 — 
400 _ 0.1150 
500 0.0797 0.1045 
600 0.1000 0.0916 
700 0.1942 — 
800 0.0981 0.0633 
1000 0.0340 0.0420 
1200 0.0201 — 


1400 0.0117 = 
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Brown cotton 


Item 18 


Fic. 7. X-ray fiber diagrams. 


uniform in this particular sample; likewise, it would 
appear that negligible random degradation occurred 
in its history. 


X-Ray Examination of Mummy Cloth 


A comparison of the x-ray fiber diagrams of both 
items 17 and 18 with those for cotton celluloses of 
different species (Figure 7) gives no evidence of 
structural changes taking place. It will be noticed 
that the arcs in the diagram for item 18, the severely 
degraded outer wrapping, approach complete rings. 


The yarn in this case was so brittle that it could not 
be untwisted to align the fiber axis, thus giving rise 
to a diagram with random axial orientation. For 
the sake of comparison, fiber diagrams for modern 
American cotton and brown Peruvian cotton (sample 
3) are also given in Figure 7. 

A powder diagram of item 18 was prepared by 
grinding a sample to pass a number 40 mesh in a 
Wiley mill and exposing it for approximately 10 hrs. 
Very sharp bands appeared in the x-ray pattern, and 
more rings were observed than in a similar powder 





June, 1952 


TABLE XII. 
AND PURIFIED CELLULOSE FROM X-Ray 
PowDER DIAGRAMS 


Ring Item Purified 
No. 18 cellulose 


— 2.01 
—_ 2.12 
2.59 2.54 
2.76 — 
3.16 —_ 
3.34 — 
3.90 3.96 
4.33 4.34 
4.87 — 
5.32 5.32 
6.16 6.06 


Ke OC ONAMN EWN 


_— 





diagram of native purified cellulose (see Table XII 
for comparison). It is possible that some of the extra 
interferences in item 18 may be due to foreign mate- 
rial present in the cloth, such as dyes or some sort 
of sizing. However, the spacings which have cor- 
responding cellulose values agree very well with 
those observed for the purified cellulose. These re- 
sults are in agreement with the findings of Sisson 
[29], who also studied pre-Inca Peruvian cotton us- 
ing x-ray techniques. 


Methanolysis of Mummy Cloth 


One-gram samples of fabric from items 17 and 18 
were steeped in a solution of methanol saturated with 
hydrochloric acid at 0°C for varying periods of time. 
After treatment the acidic methanol was filtered off 
by suction and the material was washed copiously 
with dry methanol until the washings were acid-free. 
The dried samples were then used to measure the 
cuprammonium D.P.’s. Table XIII shows the re- 
sults of these measurements. 

Despite the difference in the starting D.P.’s, both 
samples reach essentially the same limiting value. 
This is slightly lower than the “limit hydrocellulose” 
from native cotton, which has a D.P.~250. How- 
ever; in view of the severity of the treatment, it is 
conceivable that these values should be slightly lower 
than for a mild acid treatment. 


Enzymatic Degradation of Mummy Cloth 


One-gram unpurified samples of items 17 and 18 
were steeped in 100 ml. of a sodium acetate-acetic 
acid buffer solution of pH 4.5. To each was added 
+ g. of enzyme 19 AP 7 from the Rohm & Haas 
Company. After a 24-hr. incubation at 40°C, the 
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TABLE XIII. METHANOLYsIs oF ITEMS 17 AND 18, 


FOLLOWED BY DETERMINATION OF 
CuPRAMMONIUM D.P.’s 


Item 17 Item 18 
Weight Weight 
Time loss loss 
(hrs.) D.P. (%) D.P. (%) 


0 845 — 242 — 
27 307 7.02 231 17.53 
720 205 16.7 198 28.3 


samples were filtered and washed with water. Item 
17 showed a 4.6% loss in weight, and item 18 a 
19.0% loss. The filtrate of item 18 failed to give 
a reducing test with Fehling’s solution. Cupram- 
monium D.P. measurements were made, but in the 
case of item 18 the results were poor due to high 
insolubility. The enzyme-treated item 17 had a D.P. 
of 741. This is only slightly below the starting D.P. 
(845), a result consistent with the work of Siu [30], 
who found that enzymatic degradation goes to com- 
pletion once a molecular chain has been attacked— 
that is, a molecule is reduced to glucose once the at- 
tack has started, leaving the over-all D.P. of the 
residue essentially constant. 


Investigation of Cotton from Unripe Bolls 


Examination of Cellulose from Unripe Cotton Bolls 


A series of cotton bolls picked 20, 30, and 40 days 
after flowering were collected by the U. S. Depart- 
ment of Agriculture, Agricultural Research Admin- 
istration, Bureau of Plant Industry, cooperating with 
Agricultural Experiment Station, University of Ten- 
nessee. These bolls were shipped to us under re- 
frigeration immediately after picking. They were 
stored in a deep-freeze chamber prior to use. 

The bolls were opened by cutting off the ends and 
splitting each hull section with a scalpel. The shell 
could then be peeled off and the fibers separated 
fromthe seed by hand. Methanol generally served 
as a suitable washing and storing medium for the 
freed fibers, which in the younger bolls were very 
slimy and difficult to separate completely from the 
seeds. 

Hessler, Merola, and Berkley [12] studied cel- 
lulose from unripe cotton bolls and found extremely 
high D.P.’s. These D.P. values ranged from 1739 
to 10880, depending upon the the location of the 
fibers in the boll: and the subsequent treatment. 
However, little comparison could be made with the 





20-day boll cotton 


40-day boll 
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30-day boll cotton 


Purified native cotton 


Fic. 8. X-ray fiber diagrams. 


work reported here because of the differences in- 
volved in the treatment of the cotton. It should be 
noted that Hessler, Merola, and Berkley have also 
distinguished between the celluloses from the primary 
and secondary walls. They measured the D.P. of 
the primary wall to be 5940, and the D.P. of the 
secondary wall to be 10650. 


X-Ray Examination of Cotton from Unripe Bolls 


Fibers from bolls picked 20 days after flowering 
were washed several times with fresh methanol and 


then beaten into slurry with methanol in a Waring 
Blendor. A Pyrex glass thin-walled capillary tube 
was packed with fibers by sucking this slurry into the 
capillary, in a manner similar to the method of 
Hagelston and-Dunn [11] for filling capillary tubes 
with powders for x-ray work. Powder diagrams 
were made on these fibers while they were still moist 
with methanol. Several samples similarly treated and 
mounted showed the same results. There was little 
evidence of crystallinity, and a single broad halo with 
a Bragg spacing of 2.58 A. was observed in each case. 
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TABLE XIV. Lattice Spacincs (A.) ror Corrons 
TAKEN FROM THE Bo tts 20, 30, anpD 40 Days 
AFTER FLOWERING AND FOR PURIFIED 
MaTuRE COTTON 


Mature 
‘ cotton 


2.01 
2.42 
2.54 
3.96 
4.34 
5.32 
6.06 


Ring 20Days 30Days 40 Days 


2.01 2.00 
2.14 2.17 
2.59 2.59 
3.91 3.89 
4.42 4.37 





The fibers taken from bolls picked 30 and 40 days 
after flowering were treated similarly, except that 
they were ground in a methanol slurry in a Wiley 
mill since they would not disintegrate in the Waring 
Blendor. The crystallinity of the fibers increases 
with increasing maturity, as shown by x-ray powder 
diagrams. The sample of cotton from the boll picked 
40 days after flowering showed a very sharp x-ray 
pattern which was virtually the same as that for 
cotton from ripe bolls. Table XIV compares the 
three unripe stages with mature cotton cellulose. 
Although the 30-day sample showed the same rings 
as the 40-day sample, they were not nearly as sharp. 

X-ray fiber diagrams for the three unripe cotton 
samples are compared with that for purified mature 
cotton cellulose in Figure 8. 


Purification and D.P. Determinations of Cotton 
from Unripe Bolls 


Cotton taken from the bolls 20 days after flower- 
ing is insoluble in cuprammonium solution.. The 
D.P. was 2916 after the cotton had undergone stand- 
ard purification technique ; and after a second caustic 
boil the D.P. was 3076. These results are within 
experimental error, and indicate that there is little 
degradation in the caustic treatment. The fact that 
these immature cellulose fibers are insoluble in 
cuprammonium solution probably is the result of 
molecular combination with protein and other mate- 
rials in the living cells of the plant. Evidence of the 
proteins was demonstrated when MHCl-saturated 
methanol turned a deep red with these young fibers. 
This red color is characteristic of proteins under 
similar treatment. The caustic treatment frees the 
cellulose from these noncellulosic constituents and 
probably causes some degradation during the process. 

The cottons from bolls picked 30 and 40 days after 
flowering are soluble in cuprammoffium solution 


TABLE XV. METHANOLYsSIS OF CoTTONS 
TAKEN FROM UNRIPE BOLLS 


HCIl- Weight 
D.P. Weight MeOH loss D.P. 
(before) (g.)  (ml.) (g.) (%) (after) 
20-day — 0.83 50 0.40 48.2 —_ 
30-day 4469 4.01 200 0.72 21.9. 224 
40-day 4037 1.31 50 0.15 12.9 229 





Sample 





without caustic treatment. D.P. determinations were 
made after the acetone and benzene extractions; a 
D.P. value of 4469 was obtained for the 30-day 
material, and 4037 for the 40-day material. The fall 
in D.P. as the fibers mature is interesting. There is 
the definite possibility that natural degradation may 
take place between the thirtieth and fortieth day. 
Fifty-two days after flowering, the boll bursts into 
the familiar ripe stage, at which time the purified 
material has a D.P. of 3000, which indicates a further 
degradation from the fortieth day. 


Methanolysis of Cotton from Unripe Bolls 


Samples of these cottons were steeped in a 42% 
hydrochloric acid solution in methanol for 48 hrs. at 
0°C. The loss of weight and the D.P.’s were meas- 
ured after the treatment (see Table XV). 

Mehta and Pacsu [17] found a limit hydrocellulose 
of D.P. 234 on treating purified native cellulose for 
672 hrs. at 0°C with a solution of 43% hydrochloric 
acid in methanol. In 6 hrs. the D.P. had dropped 
from 2500 to 275, and in the following 666 hrs. the 
D.P. dropped to 234. The results found for the cot- 
tons from the unripe bolls are in agreement with 
those of Mehta and Pacsu for native cellulose. This 
indicates that there is a weakness in the chain that 
appears to occur every 250 glucose anhydride units 
even before crystallization has reached a maximum. 


Summary 
Mercerized (Commercial) Cotton Cellulose 


The mild acid degradation of mercerized cotton 
shows an initial rapid fall in D.P., followed by a 
leveling off in rate of fall of D.P. with time at 
D.P. ~ 130. This rapid initial drop of D.P. is re- 
flected in the rate constants as the reaction pro- 
gresses. The rate falls off from 55.5 x 10° sec.-* 
to a value of 8.0 x 10°* sec.* at D.P. 220, and then 
only gradually decreases during the next 175 ‘hrs. 
The limiting value here is just twice that for re- 





396 





generated cellulose found by Mehta and Pacsu [16], 
and for methyl cellulose found by Steele and Pacsu 


[32]. 


Fractionation of Native Cellulose Hydrolyzed for 6 
and 24 Hrs.in 1N Hydrochloric Acid at 60°C 


A peak in the mass distribution curve at D.P. 300 
for the 6-hr. hydrolyzed cellulose indicates that some 
bonds are more susceptible to cleavage than others. 
As the hydrolysis progresses to an average D.P. of 
250, the peak appears at D.P. 200. Whether or not 
the weak bonds are uniformly placed along the chain 
cannot be determined from the data. 


Ancient Cotton 


Cotton buried in dry desert sand for 2,500 years 
showed a surprising durability. The outer wrap- 
pings were degraded to a D.P. of 242 or “limit 
hydrocellulose.” This material gave a peak at D.P. 
150 when fractionated, and the mass distribution 
curve was surprisingly close to the theoretical curve 
for random hydrolysis. Since the exact conditions 
of degradation are unknown and the time of reaction 
was so long, it is difficult to draw positive conclu- 
sions. It is conceivable that, over such a long time, 
acid-sensitive bonds no longer play a significant part, 
and the randomness of cleavage of the glycosidic 
bonds becomes important. The inner wrappings 
were well preserved. The cuprammonium D.P. was 
845, and there was a sharp peak at D.P. 700 when 
the material was fractionated. 


X-ray diagrams for both samples were obtained . 


and found to be truly characteristic of cellulose. The 
severely degraded material showed ‘several rings 
which are generally not observed for native cellulose. 
These could be foreign material imbedded in the 
cloth, such as dye or sizing. 

Methanolysis of these materials in 439% hydro- 
chloric acid in methanol at 0°C gave a limiting D.P. 
of 200 for both after 720 hrs. The values were 
slightly below the D.P. (250) found with purified 
native cellulose, but this is not unusual considering 
that the past history is unknown. Oxidative, as well 
as hydrolytic, degradation has probably taken place. 

Enzymatic attack of the inner wrapping caused a 
5% loss but little decrease in D.P., a result which 
agrees with the accepted belief that enzymatic deg- 
radation follows along the chain and does not split 
chains. 
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Cotton from Unripe Bolls 


Immature cotton cellulose is firmly imbedded in the 
protein and other materials in its early stages. It is 
so tightly-bound that it will not dissolve in cupram- 
monium solution until some time between the twen- 
tieth and thirtieth day after flowering. Relatively 
high D.P.’s were found for the cotton from bolls 
picked 30 and 40 days after flowering. 

There is little crystallinity in the cotton before the 
twentieth day after flowering. Between the twentieth 
and thirtieth day, the major crystallization takes place, 
By the fortieth day, crystallization is nearly complete, 
With the exception of two or three rings, the sharp- 
ness of the diffraction pattern for cotton from bolls 
picked 40 days after flowering is about the same as 
that for purified mature cotton. 

Methanolysis of the cotton from the bolls picked 
30 and 40 days after flowering gave a D.P. value of 
225 for both samples. This is the value for limit 
hydrocellulose found in mild acid hydrolysis and for 
the methanolysis of native cellulose. 
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Introduction 


The rate equation for the hydrolysis of cellulose 
was first derived by Freudenberg, Kuhn, and co- 
workers [6, 7, 8, 9] and later by af Ekenstam [4, 5], 
Stamm and Cohen [24], Schulz and Lohmann [22], 
Battista [1], Steele and Pacsu [25], and Jdérgensen 
[14]. It was assumed that the degradation of the 
cellulose chains was a first-order unimolecular reac- 
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tion, in which case the expression 
dc/dt = — ke, (1) 


where c is the concentration of bonds capable of be- 
ing hydrolyzed, ¢ is the time of degradation, and k 
is the hydrolysis constant, is valid. Introducing 
average degrees of polymerization (D.P.) in equa- 
tion (1), the result is the following expression: 


ys in (FP) (2) 


where D.P., and D:P.,; are the degrees of polymeriza- 
tion at zero time and time ¢, respectively. An ex- 


met =-f6 
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pansion of the logarithm gives 


rer ee - Bee 


Ee EP Dia 
rs 1 ( D.P..? — D.P.? 
2 D.P.2°DP. 7 
1 / D.P. — D.P.,3 
+3( D.P..*-D.P.? ) Biesc, £3) 


The leading term of this series has been used in 
- various forms by numerous investigators [1, 4, 5, 14, 
25] to calculate the rate constant for both the homo- 
geneous and heterogeneous degradation of cellulose. 
Rearrangement of the first term leads to 


1 1 1 
t= 7( pp, DP) e 


the form generally used to determine the hydrolysis 
constant. 

If cellulose is made up solely of anhydroglu- 
copyranose units connected exclusively through 1,4- 
8-glycosidic bonds, then complete degradation would 
yield 100% glucose, and D.P. would be unity. 

In order to calculate the time necessary to reach 
completion of the hydrolysis of cellulose, a cursory 
study was made in which the above equation was 
used. D.P.; was set equal to one, and 1/D.P.,, being 
very small, was neglected. This led to the equation 


(5) 


which obviously is an oversimplified form. Evi- 
dently, use of this expression is not permissible for 


k=1/t, 


TABLE I. 
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interpretation of these experiments since the equa- 
tion is valid only for the beginning of the reaction 
when only a few bonds have been broken. Since it 
has been generally accepted that the hydrolysis of 
cellulose follows first-order kinetics, then 


kt = In(C,/C,), (6) 


where C, and C; are the concentrations of hydrolyz- 
able bonds at zero time and time ¢t. Now, the ratio 
C,/C; is dimensionless; thus, any measure of the 
bonds available for hydrolysis—e.g., D.P.—is suit- 
able to calculate the time required to reach any stage 
of the reaction. For example, at 99% completion, 


C; = 0.01 C,, (7) 
and the equation becomes 
kt = 1n (1/0.01) =4.605. (8) 


Using both the accurate equation (8) and the ap- 
proximate equation (5), the times required to reach 
99% completion for the various rate constants were 
calculated and are given in Table I. It is readily seen 
that at 25°C it takes about 400 to 500 days to degrade 
cellulose to glucose in approximately 85% phosphoric 
acid. 

Davidson [2] has postulated that the heteroge- 
neous degradation of cellulose in acid medium is con- 
trolled by the accessibility of the glycosidic linkages 
to the acid. He states that “The difference observed 
in the hydrolysis of cellulose by acids in homoge- 
neous and heterogeneous systems may be explained 
in terms of difference in the accessibility of the 





CALCULATION OF TIME REQUIRED FOR 99% OF THE CELLULOSE TO BE HyDROLYZED TO GLUCOSE 
FROM RATE CONSTANTS OF VARIOUS WORKERS 





H;PO, 
concentration Temperature k t (days) 
Author(s) (%) (°C) (min.~!) equation (5) equation (8) 
af Ekenstam 84 0.12 0.05 x10-** 1389 6400 
84 20.00 1.59 10-** 436 2003 
89 0.12 0.083 X 10-*¢ 836 3850 
89 20.00 2.85 10-*f 252 1120 


Stamm and Cohen 86 25 
86 2 


Schulz and Husemann 79 29 


81.4 25 
81.4 25 


Jérgensen 


* Filter paper. 
¢ Cotton. 

t Cotton linter, a-cellulose. 
** Wood pulp. 






7.05 X10-*f 98 
5.68 xX 10-*** 122 











6.49 X10-*f 107 





7.8 X10 89 
15.8 X10-%** 44 202 
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glycosidic linkages in the cellulose to the acid. When 
cellulose is dissolved in an acid medium, the crystal- 
line regions in the cellulose are broken up and the 
acid acquires access to every linkage.” The concept 
of molecular dispersion of cellulose and cellulose 
derivatives in various solvents, as originally sup- 
ported by Staudinger, has been amplified by Spurlin 
[23]. Micelles or molecular aggregates cannot exist 
in solution according to the presently accepted the- 
ories. As Spurlin says, “Each molecule is molecu- 
larly dispersed and only occasionally is associated 
with one of its neighbors. Any such association, if 
formed, is soon broken by thermal agitation.” Spur- 
lin also points out why the micellar structures found 
in native cellulose cannot survive in solution. It 
might be concluded, then, from Spurlin’s discussion 
that each glycosidic bond of cellulose dissolved in 
phosphoric acid should be susceptible to cleavage. 

Schulz and Husemann [21] have shown that 80% 
of a native cellulose has a uniform chain length with 
a D.P. of 3100+ 100. Assuming that the cellulose 
is a uniform polymer, and that random splitting of 
the bonds holding the glucose anhydride units to- 
gether occurs, Schulz [20] has derived an equation 
which predicts the mass distribution resulting from 
degradation of linear molecules. It has been shown 
by Freudenberg et al. [6, 7, 8, 9], in the case of sul- 
furic acid solutions, that the rate of hydrolysis of 
cellobiose is greater than that of cellotriose, and the 
latter is greater than that of cellotetraose, etc. How- 
ever, as the chain length reaches substantial size, the 
difference in the rates of hydrolysis of the links in 
the center of the chain becomes negligible, and each 
bond can be assumed to split at the same rate. 

Many investigators have noticed that there is an 
initial rapid fall in D.P. during the early part of the 
degradation. Most of these investigators have al- 
lowed sufficient time for the reaction to reach a more 
or less constant rate, which has then been considered 
the rate of cleavage of the 1,4-8-glucosidic bond. af 
Ekenstam [4, 5] attributed the fast initial rate to 
“ester-like” linkages or “native” bonds, without giv- 
ing any explanation as to the precise chemical nature 
of such linkages. 

In order to explain discrepancies in molecular 
weight distribution curves as compared to theoretical 
distribution curves, Schulz and Husemann [21] as- 
sumed that a unit of B-xylose appears in the linear 
chain at 500 anhydroglucose unit intervals. Pacsu 
et al, [13, 17, 18, 19] proposed cross-links of a semi- 


399 


acetal or acetal type between adjacent cellulose chains 
for explanation of the initial fast rate of the hydroly- 
sis of the molecule. These cross-links were thought 
to bind the two chains together by a 1,5 bond through 
an open-chain glucose unit which also maintained the 
linearity through 1,4 bonds of the cellulose molecule. 
Others noticing the evidence for two types of bonds 
in the molecule have called these weak linkages “na- 
tive links” [4, 5], “ester bridges” [16], “cross-link- 
ages” [10], and “oxygen bridges” or “inter-meshing” 
bridges [12]. 

If the concept of molecular dispersion is correct 
and only one type of bond exists, then random deg- 
radation should prevail, and the logarithmic equation 
(2) should be strictly valid for the expression of the 
uniform course of the hydrolytic degradation of the 
cellulose molecule. 

The most recent studies on the homogeneous phos- 
phoric acid degradation have been reported by J¢r- 
gensen [14]. Using cotton, Mitscherlich pulp, and 
semichemical aspen pulp, Jérgensen determined the 
rate constants for the hydrolysis in approximately 
81% phosphoric acid at 25°C. Maintaining a tem- 
perature of 0°C, the samples were swollen in 73.2% 
phosphoric acid for 3 to 4 hrs.; then 86.4% phos- 
phoric acid was added to dissolve the cellulose. 
Complete solution was reached after 4 to 6 hrs. 
Thus, the material had been in contact with acid for 
a minimum of 7 hrs. before measurements were 
started. 

The hydrolysis of cotton cellulose was then studied 
over a period of 2100 min. (35 hrs.). J¢grgensen re- 
ported that the D.P. of the starting material was 
3930, but in the hydrolysis experiments he used a 
number-average D.P. (D.P.,) of 1245 at zero time. 
At the end of the experiment the D.P., was 54. A 
hydrolysis constant was calculated from the equation 


1 1 1 
‘= (Da ~ DPa): S 


which is a specialized form of equation (4), for each 
time interval, At. Below D.P. 100 the rate rose, 
and these values were omitted in calculating the 
average hydrolysis constant. Thus, the value 7.8 x 
10° min.-? represents a constant rate during 1140 
min. (19 hrs.) only and through the relatively small 
drop of D.P., of 1245 to 104, with only 11 bonds out 
of 1244 having been broken. 

Mitscherlich pulp similarly investigated gave a 
uniform hydrolysis constant of 15.8 x 10° min.-* for 
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the first 330 min. (5.5 hrs.), while the D.P., dropped 
from 1085 to 142. 

The semichemical aspen pulp gave a constant rate 
only during the middle of the experiments. At the 
start the rate was high, then it leveled off at 8.6 x 
10-* min.~* over the range of D.P.,, 597 to 269. After 
255 min. the rate constants again increased. 

From molecular weight distribution curves of sam- 
ples taken at various times during the hydrolysis, 
J@rgensen concluded that there might be acid-sensi- 
tive bonds in the wood pulps, but none in the cotton. 
As the hydrolysis progressed in cotton, the distribu- 
tion curves changed from a broad symmetrical curve 
to one of pronounced right skewness. There was 
evidence for two peaks in the pulps. No comparison 
was made with theoretical mass distribution curves, 
so it is not known whether or not the curves for the 
cotton follow a random hydrolysis. 

If the undegraded cellulose molecules are of uni- 
form length, as they appear to be from the work of 
Schulz and Husemann [21], have like bonds between 
the monomer units, and are molecularly dispersed in 
acid media, as proposed by Davidson [2], then the 
following results would be expected for a homoge- 
neous hydrolysis. A uniform set of kinetics should 
prevail as long as the molecules have relatively high 





TABLE II. Water-INSOLUBLE MATERIAL FROM THE 
DEGRADATION OF COTTON CELLULOSE IN 85% 
PuospHoric Acip aT 21°C 


Water-insoluble ‘ 
Cuprammonium 


Time material 
(days) (%) [n] D.P. 
64 50.1 0.58 157 
95 45.9 — — 
126 41.6 0.49 128 
420 37.6 — _ 


TABLE III. Lattice Spactncs (A.) ror PurIFIED NATIVE 
CELLULOSE AND THE PRECIPITATED CELLULOSE FROM 
A 4-MONTH-OLD SOLUTION OF CELLULOSE 
IN PHospHoRIC ACID 


Native Precipitated 
Ring No. cellulose cellulose 
1 1.69 = 
2 2.01 2.00 
3 2:35 2.18 
4 2.59 2.60 
5 3.17 2.92 
6 3.90 — 
7 4.31 — 
8 4.73 — 
9 5.16 — 
10 6.00 _— 
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D.P.’s. Since the hydrolysis constant increases as 
the size of the molecule decreases, as has been shown 
by Freudenberg and coworkers [6, 7, 8, 9], one 
would expect that the total hydrolysis of the cellulose 
to glucose should be more rapid than calculated from 
the initial rate constant. The breakdown should be 
random, and it should not be affected by the crystal- 
line, mesomorphous, and amorphous regions in ho- 
mogeneous solution. The results of our experiments 
cannot be explained by these currently accepted 
ideas. 


Experimental Work and Discussion 


Over a period of 19 days, 288 g. of commercial 
surgical cotton (D.P. 2000) were dissolved in 4,000 
ml. of 85% syrupy phosphoric acid (Merck reagent 
grade according to A.C.S. specifications) in a 5-liter 
glass-stoppered flask. The total volume was then 
4,160 ml. The solution was stored in a conditioned . 
room at 21°C. 


WatTER-INSOLUBLE PorTION OF CELLULOSE Dke- 
GRADED IN 85% PHospHoric ACID 


From time to time, samples were removed for in- 
vestigation. These were poured into an ice-water 
mixture, and the precipitated material was washed 
with water, methanol, and ether before drying. The 
results of cuprammonium D.P. measurements and 
yields are given in Table IT. 


X-Ray Powder Diagram (Precipitated M aterial A fter 
4 Months and 26 Months) 


An x-ray powder diagram was made of the water- 
insoluble cellulosic material precipitated out after 4 





TABLE IV. Lattice Spactncs (A.) for PurtFIED NATIVE 
CELLULOSE, MERCERIZED CELLULOSE, AND PRECIPITATED 
CELLULOSE FROM A 26-MONTH-OLD SOLUTION 
OF CELLULOSE IN PHOSPHORIC ACID 


Native Mercerized Precipitated 
Ring No. _ cellulose cellulose cellulose 
1 1.69 — — 
2 2.01 — 2.06 
3 2.15 — 2.19 
4 2.59 2.59 2.53 
5 3.17 -- 3.09 
6 3.90 4.06 —_— 
7 4.31 4.42 4.23 
8 4.73 = _ 
9 5.16 —- _ 
10 6.00 — — 
11 — — 7.44 
12 — — 10.92 
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months in the phosphoric acid solution. The spac- 
ings were calculated for the rings that could be meas- 
ured and were compared with a similar powder 
diagram of purified native cellulose (Table III). 

The exposure time for each sample was 10 hrs. 
The powder diagram for purified native cellulose 
gave a greater number of rings and more sharply 
defined rings than were found in the diagram for the 
precipitated material. 

After 26 months the solution of cellulose in phos- 
phoric acid was examined with a polarizing micro- 
scope using a }-wave red plate. A very small 
amount of undissolved particles (estimated at less 
than 1% of the original cellulose) could be detected. 
These particles were removed by passing the solution 
through a sintered glass funnel. The filtrate then 
gave the typical voluminous precipitate on pouring it 
into ice water. 

A sample of this optically clear filtrate was pre- 
cipitated, washed, and dried, and an x-ray powder 
diagram was taken of the resulting dry powder. The 
spacings were calculated for this material, and are 








TABLE V. FRACTIONATION OF CELLULOSE NITRATE 
PREPARED FROM THE WATER-INSOLUBLE PORTION 
OF CELLULOSE HyDROLYZED IN PHOSPHORIC 
Acip FoR 14 MontTHsS 





Total 
Frac- Weight weight Total Cumulative 
tion (g.) = g.) % % 


D.P. = 
(n] [n]/7.8X10-* 


a 1.31 1.31 26.20 — _ _ 
9 0.39 1.70 34.00 30.10 0.565 72 
ae 0.10 1.80 36.00 35.00 0.58 74 
7 0.44 2.24 44.80 40.40 0.81 104 
6 0.25 .2.49 49.80 47.30 0.99 127 
5 0.41 2.90 58.00 53.90 1.20 154 
4 0.49 3.39 67.80 62.90 1.33 171 
3 0.69 4.08 81.60 74.70 1.60 205 
2 0.69 4.77 95.50 88.55 1.98 254 
1 0.23 500 ° 10080. 97.75: 2.39 307 
TABLE VI. EXPERIMENTAL AND THEORETICAL Mass 


DISTRIBUTION DATA FOR THE WATER-INSOLUBLE 
PORTION OF CELLULOSE HYDROLYZED IN 
PuospHoric Acip FoR 14 MontTHS 


D.P. my, (experimental) mp (theoretical) 
50 — 0.2425 

100 0.228 0.3135 

125 0.238 — 

150 0.339 0.3068 

175 0.436 — 

200 0.323 0.2645 

250 0.220 — 

300 0.141 0.1050 
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compared to those for native and mercerized cellulose 
in Table IV. 

Although the comparison in Table IV does not 
clearly show it, the precipitated cellulose has the 
crystal structure of Cellulose [I—that is, mercerized 
cellulose. When compared with the data of Her- 
mans [11], it is readily seen that the precipitated cel- 
lulose also has the Hydrate I structure of Cellulose IT. 


Examination of the Solution After 14 Months 


A 200-ml. sample was used for this experiment. 
Both the precipitate and the water-soluble portions 
were investigated. The sample was poured over an 
ice-water mixture ( 1 liter), and the precipitate was 
allowed to settle. The supernatant liquid was then 
decanted, and the precipitate was washed with 5 liters 
of distilled water using centrifugation. The pre- 
cipitate was worked up by replacing the water with 
alcohol and then ether, and 5.21 g. (37.6%) of solid 
were recovered as a brownish powder. A cupram- 
monium D.P. determination gave a result of 166. 
This agrees in magnitude with earlier measurements. 


Nitration and Fractionation 


A 3.79-g. sample was nitrated, using Davis’ 
method [3], giving a yield of 6.19 g. of cellulose 


~O INTEGRAL DISTRIB. CURVE 
+ EXPT’L. MASS DISTRIB. CURVE 


— THEOR MASS DISTRIB. CURVE 


PERCENT - 1 OR) 





235 100 200 300 
DP. 


Fic. 1. Fractionation of the water-insoluble portion of 
cellulose hydrolyzed in phosphoric acid for 14 months. 
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nitrate, of which about 7% was insoluble in acetone. 
In determining the D.P. with an acetone solution, 
this insoluble portion was filtered off and weighed, 
and the concentration of the solution was corrected 
accordingly. 

The nitrate sample was first dissolved in acetone 
(approximately a 10% solution). This solution was 
filtered through a coarse frittered glass funnel and 
precipitated by pouring into ice water. The solid 
was filtered and dried, giving 5.20 g. from the 5.93 g. 
originally dissolved (12.3% loss). This 12.3% 
probably consisted of particles or molecules that 
were too small to precipitate on pouring into water. 

A weighed sample (5.00 g.) of the recovered ni- 
trate was then made up into a 1% acetone solution, 
and was fractionated by the usual method of frac- 
tional precipitation. Seventy-four percent of the 
nitrate was recovered in the fractions. The results 
of the fractionation are given in Tables V and VI 
and in Figure 1. 

The unfractionated nitrate gave an intrinsic vis- 
cosity, [y], of 1.32, which corresponds to a D.P. of 
120. Distribution curves, drawn according to the 
method of Schulz and Husemann, showed a max- 
imum of D.P.’s at approximately 175. 


WATER-SOLUBLE PoRTION OF CELLULOSE DEGRADED 
IN 85% PHospPHoric AcID 


Chromatographic Separation of the Sugar 
Constituents 


Paper-partition chromatograms indicated the pres- 
ence of several components in the concentrate of the 
water-soluble fraction. Using a Darco-Celite (50/50 
by volume) column, a sample of this mixture was 
chromatographically separated. Five-hundred milli- 
liters of the cellulose-phosphoric acid solution, now 
19 months old, were precipitated, and the solid was 
centrifuged off and washed with water. The wash- 
ings were combined with the supernatant liquid and 
neutralized with BaCO,. After filtering off the 
Ba,(PO,)., the slightly acid solution (pH = 6.68, 
Beckman pH meter) was concentrated over a boiling 
water bath. During the evaporation the pH re- 
mained approximately 7, as tested with hydrion 
paper. The syrup formed was filtered and evapo- 
rated to a glass, yielding 18.1 g. (52.3%). 
Deionization was made by dissolving the glassy 
residue with distilled water to 100 ml., and succes- 
sively passing it through IR-100 and IR-4-B Amber- 
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lite resins. 


The neutral solution was concentrated 
at reduced pressure to 100 ml., and was then intro- 
duced into the top of the chromatographic column, 
A water aspirator served as suction at the bottom of 
the column and 100-ml. or 200-ml. fractions were col- 
lected in a filter flask. Reduction was followed with 
Fehling’s solution. The results are given in Table 
VII. 


Isolation of Crystalline Glucose 


Paper-partition chromatograms showed that frac- 
tions 3 through 9 were pure glucose. The fractions 
were then combined and concentrated in vacuo to 
about 200 ml. This solution was treated with a small 
amount of decolorizing carbon and filtered, and the 
optical rotation was measured on a polarimeter. The 
angular rotation was +3.25° in a two-decimeter tube 
using the sodium D line at 25°C. Since there was 
178 ml. of solution, it was calculated that there was 
5.5 g. of glucose in fractions 3 to 9. 

Further concentration of this glucose solution gave 
a crystal-clear syrup. Methanol was slowly stirred 
into the syrup, and the glucose was allowed to 
crystallize; 5.50 g. were recovered, which were re- 
crystallized from hot methanol. The osazone and 
the pentaacetate were prepared as derivatives and 
checked with authentic specimens. Fractions 10 
through 19 were treated similarly, yielding 0.22 g. 
of glucose. Thus, the total amount of glucose re- 
covered was 5.7 g. 





TABLE VII. FRacrTIoNS FROM THE CHROMATOGRAPHIC 
SEPARATION OF THE WATER-SOLUBLE PORTION OF 
CELLULOSE IN PHOosPHORIC AcID FOR 19 MONTHS 
ON A Darco-CELITE COLUMN 


Fraction Volume Reduction 
(ml.) 
Eluted with water 
1-2 400 none 
3-9 900 strong 
10-19 1000 weak 
20-22. 600 none 


_ Eluted with 0.5% phenol solution 
Pi-P14 


2300 none 
P15-P17 600 strong 
P18-P37 4400 weak to 
very weak 


Column extruded and extracted with boiling water 


X-1 1000 weak 
X-2 3000 weak 
X-3 1000 none 


June, 1952 


Identification of Isomaltose as the Disaccharide 


Preliminary paper-partition chromatograms indi- 
cated that fractions P15, P16, and P17 contained 
only a disaccharide which was not cellobiose. These 
fractions were combined and concentrated, yielding 
a syrup contaminated with a gelatinous precipitate. 
It is thought that the latter material originates from 
the Celite, but this has not been verified. The solu- 
tion was treated with decolorizing carbon and fil- 
tered; the recovery was 129 ml. Optical rotation 
of the solution was +1.92°, and calculations like 
those for the glucose were made under the assump- 
tion that the disaccharide was either isomaltose 
(brachiose), maltose, gentiobiose, or cellobiose (see 
Table VIII). The method of Kline and Acree [15] 
was used to determine the reducing power of the 
disaccharide. This gave a value of 0.63% disac- 
charide, which limits the possibility to maltose and 
isomaltose. 

A sample of isomaltose prepared at Ohio State 
University by Professor M. L. Wolfrom and co- 
workers was received, and paper-partition chromato- 
gram comparisons were made. Using Whatman ¥1 
filter paper and the top layer from a mixture of 
butanol, water, ethanol, and ammonia as solvent, a 
chromatogram was run for 7 days. The diagram 
was developed with aniline-hydrogen-phthalate, and 
it conclusively demonstrated that the unknown solu- 
tion was isomaltose. Mixtures of all of the disac- 
charides in Table VIII separated from one another 
and from the unknown. The unknown, however, 
did not separate from the isomaltose. 

By no means is it postulated that this isomaltose, 
6-(a-D-glucopyranosyl)-D-glucose, is a unit found 
in the cellulose chain. It seems more probable that 
it arises from a condensation of glucose in the phos- 
phoric acid solution. Experiments along this line 
are at present being carried out, and the results of 
the preliminary tests are consistent with this sugges- 


tion. The cellulose degrades to glucose which, under 


TABLE VIII. Proportions oF DISACCHARIDES 
CALCULATED FROM OPTICAL ROTATION 
MEASUREMENTS 


[a ]p” 
+ 130.4 
+120 

+ 34.6 
+ 8.7 


Disaccharide 


Maltose 

Isomaltose (brachiose) 
Cellobiose 
Gentiobiose 


g./100 ml. 


0.694 

0.800 

2.74 
11.03 


403 


the conditions of the experiment, condenses to the 
isomaltose. 


Existence of Higher Oligosaccharides 


Even in early exploratory paper-partition chro- 


‘matograms, there was evidence of some polysac- 


charides higher than the disaccharide. When the 
unfractionated sugar solution was used, there was 
reduction at the starting point on the chromatogram. 
On chromatograms of the glucose and isomaltose 
fractions, this spot disappeared, but again became 
evident in fractions eluted with boiling water. Be- 
cause the relative amount of this material is small, it 
has been impossible to determine the identity of this 
oligosaccharide or these oligosaccharides, as the case 
may be. They are present only in very small 
amounts, and have been detected only by the chro- 
matographic technique. 


Conclusions 


It has been found that a solution of cellulose in 
85% phosphoric acid allowed to react at 21°C for 19 
months still contains a cellulosic fraction of D.P. > 
100 in 40% yield. In view of this fact, there, must 
be some error in the determination of the published 
rate constants for this hydrolysis, which predicts 
total conversion to glucose in less than 14 months, 
or else cellulose does not occur as a linear chain mole- 
cule in 85% phosphoric acid. If “acid-sensitive” 
bonds are present in cellulose, they should be prefer- 
entially hydrolyzed in the degradation except those 
that may occur in an inaccessible region. It is pos- 
sible that the initial rate, which is comparatively fast, 
is entirely due to the cleavage of the freely accessible 
“acid sensitive” bonds. When they are broken, the 
rate is determined by the cleavage of the 1,4-£- 
glucosidic bond. The final rate constant then would 
be a measure of the hydrolysis of the 1,4-8-glu- 
cosidic bond. It has been observed that there is a 
gradual increase in the rate of hydrolysis in the 
low D.P. range—i.e., D.P. << 100. Schulz and Huse- 
mann [21] found a constant k of 6.5 xX 10° min.-* 
from D.P. 1500 down to D.P. 130 in 80% phosphoric 
acid at 29°C. However, at D.P. 60 the reaction rate 
constant rises to 8.37 x 10° min.-', and finally to 
23.5 x 10° at D.P. 19.5. Jgrgensen [14] also finds 
this increase in the rate constant at low D.P.’s. If 
this increase is due to the more rapid hydrolysis of 
the 1,4-8-glucosidic bond as the chain length 
shortens, as Schulz and Husemann [21] suggest and 
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as Freudenberg and coworkers [6, 7, 8, 9] have 
shown for the series cellobiose, cellotriose, and cel- 
lotetraose, then it is strange indeed why 40% of the 
cellulose in an 85% phosphoric acid solution remains 
ina D.P. range of 72 to 307. 

In previous investigation of the 85% phosphoric 
acid degradation of surgical cotton by Hiller and 
Pacsu [13], the presence of glucose, as measured 
optically, was not observed even after several weeks. 
Because the solution becomes dark brown, this opti- 
cal method cannot be used throughout the degrada- 
tion. Obviously, a longer period is required before 
the glucose in solution becomes of sufficient concen- 
tration to give a measurable rotation. 

This is the first time to our knowledge that crystal- 
line glucose has been isolated from the phosphoric 
acid degradation of cellulose. The presence of iso- 
maltose (brachiose) in the water-soluble fraction of 
the degradation products has been ascertained. Also 
present in very small amounts are higher oligosac- 
charides, but there is a large gap between the tri- 
and tetrasaccharides and the lowest water-insoluble 
fraction (D.P. 72). A_ possible explanation is 
that when D.P.’s below 70 are reached, molecular 
dispersion is attained, the rate becomes relatively 
high, and intermediate D.P.’s do not accumulate. 
From the work of previous investigators already 
mentioned, this hypothesis seems to bear considera- 
tion. The presence of the few oligosaccharides in 
the water-soluble fraction would most likely indicate 
reversion products of glucose. Further experiments 
along these lines are now in progress and should 
throw considerable light on this theory of reversion. 
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The Molecular Size of Proteins from Several Wools 
Solubilized in Aqueous Urea* 


Wilfred H. Ward 
Western Regional Research Laboratory,{ Albany, California 


Abstract 


‘The soluble proteins isolated from normal wools differing widely in geographical origin, 
fineness, and breed show the same behavior in ultracentrifugation and diffusion. The wool 
protein, made soluble in aqueous 10M urea by reduction; has a sedimentation constant ap- 
proaching 1.2S at zero protein concentration, referred to water at 20°C. In the presence 
of 0.2N lithium chloride the limiting sedimentation constant is 1.6S. The sedimentation con- 
stant increases with decreasing concentration of either protein or urea. Similar values are 
found in other media. The diffusion constant of 2% to 3% solutions is 4.9 X 10-7 cm.? sec.-}, 
referred to water at 20°C. Corresponding sedimentation and diffusion measurements give the 
average molecular weight, 14,000, and the unusually high molar frictional ratio, 2.8, suggesting 
high asymmetry, high solvation, or a combination of these. 


Introduction 


Understanding of the structure of wool in relation 
to fiber properties and fiber origin can be assisted 
greatly by knowledge of the molecular properties of 
solubilized protein components. A number of in- 
vestigations have indicated the presence in wool of 
protein units of widely different size, depending 
upon the method of dissolving the wool or of esti- 
mating its molecular weight. Thus, Speakman and 
Das [18] used chlorine dioxide to make wool water- 
soluble. They recovered polypeptides ranging in 
molecular weight from 2,000 to 12,000. By using 
dinitrofluorobenzene for end-group analysis, Middle- 
brook [14] found the average polypeptide chain 
weight to be 60,000. Alexander and Earland [2] 
solubilized 90% of wool by oxidation with peracetic 
acid. Alexander [1] reported the molecular weight 
distribution of this material—30% to 45% had 
molecular weight 70,000; 10% to 20%, 13,000; and 
30%, 4,000 or less. Mercer and Olofsson [13], 
after partially reducing wool with sulfite in saturated 
urea, isolated 20% in a polydisperse form having the 
average molecular weight 84,000. Further reduc- 


* Report of a study made under The Research and Market- 
ing Act of 1946. 

+ Bureau of Agricultural and Industrial Chemistry, Agri- 
cultural Research Administration, United States Depart- 
ment of Agriculture. 


tion at higher alkalinity produced units of molecular 
weight 8,000 to 10,000. 

As a primary object of the present study, wools 
solubilized in concentrated aqueous urea with mer- 
captoethanol were compared by molecular kinetic 
measurements to show possible variations character- 
istic of fineness, breed, or country of origin. In ad- 
dition, and to assist interpretation of the results, 
special study was made of some effects of solvent 
composition and extracting conditions on the sedi- 
mentation behavior of the dissolved material. Since 
the high-molecular-weight fractions reported else- 
where did not appear in our wool extracts, factors 
bearing on this discrepancy are discussed. Finally, 
the relation of the chemically isolated units to the 
structure of wool is presented briefly. 


Experimental 
W ool Samples 


The wools with which this study was primarily 
concerned were from four lots comprising medium 
and fine wools of domestic and foreign_origin. These 
lots have been used in comparative processing 
studies, under a contract authorized by The Research 
and Marketing Act of 1946, by Textile Research 
Institute and the Forstmann Woolen Company in 
collaboration with the United States Department of 
Agriculture. The domestic medium wool, desig- 
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nated WC-5, was a blend of Targhee, Corriedale, 
and Columbia wools of 58’s fineness obtained from 
Dubois, Idaho. The domestic fine wool (WC-4) 
was of 64’s fineness from Dubois Rambouillet sheep. 
The foreign medium wool (WC-2) consisted of New 
Zealand Corriedale and crossbred wools; the sample 
used in this study had been regraded into portions 
of 58’s and 60’s fineness, which were measured 
separately. The foreign fine wool (WC-3) was of 
70’s fineness from Australian Merino sheep. 

In addition to the above samples, referred to here- 
after as the “RMA Contract wools,” shoulder sam- 
ples representing 4 months’ growth were obtained 
from domestic purebred yearling Lincoln and Ram- 
bouillet wethers, and were used in this study for 
ultracentrifugal comparison of the solubilized pro- 
tein. These wools represent extremes in fineness, 
the Lincoln being coarse and long, while the Ram- 
bouillet is fine, short, and closely crimped. 

Two further lots were used—a New Zealand 
Merino-Rambouillet crossbred wool (JFW) and a 
typical commercial grade medium wool (Tryon) of 
unspecified origin obtained directly from a local 
processor. 

The RMA Contract wools and those from the 
Lincoln and Rambouillet wethers were scoured at 
room temperature by extraction with benzene fol- 
lowed by ethyl alcohol and water. The JFW wool 
was scoured under laboratory conditions using soda 
and a sulfonate detergent. The Tryon wool was 
scoured in the plant by the customary soap-soda 
procedure. 


Solubilization 


For the principal comparisons, wool extracts were 
made by a method only slightly different from those 
described by Jones and Mecham [7] and Mercer 
and Olofsson [13]. The solvent used (solvent A) 
was made up to contain 10M urea, 0.5M mercapto- 
,ethanol, and 0.2M lithium chloride. A typical analy- 
sis showed: 9.89M urea (from Kjeldahl nitrogen 
analysis), 0.470M mercaptoethanol plus 0.02 equiv- 
alents per liter in the oxidized form, and 0.194M 
lithium chloride. The same lot of solvent was used 
for all measurements intended for direct comparison ; 
and its density and viscosity were measured to allow 
reference of ultracentrifugal and diffusion measure- 
ments to standard conditions [8, 19]. 

For comparison of the different wools, 2-g., air- 
dry samples were soaked overnight (18 hrs.) in 40 
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wool 
10 M-UREA 
0.5 M- MERCAPTOETHANOL 
O.2M-LiCl 


SOLUBILIZED 
(SPINDLE CELLS AND CEMENTING MATERIAL) 


25% RESIDUE 
(MOSTLY CUTICULAR LAYERS) 


65% NONDIALYZABLE 10% DIALYZABLE 


Fic. 1. Solubilization of reduced wool in 10M urea. 
ml. of solvent at 50°C. Lithium hydroxide was used 
to adjust the initial pH to 8, by glass-electrode meas- 
urement. During a typical extraction the pH rose 
to 8.7, although under the same conditions the pH 
of the solvent rose only to 8.1. On further standing 
both solvent and extract reached pH 9.3. Half to 
three-quarters of the wool was dissolved by this 
treatment, the actual amount being found from the 
dry weight of the rinsed residue or of a dialyzed 
measured portion of the extract. 

Material closely similar in amount and ultracen- 
trifugal behavior was dissolved at room temperature 
(26°C). For example, 63% of a Rambouillet 
sample (WC-4) dissolved in 19 hrs. at room tem- 
perature, and very little more, about 5%, was made 
soluble by repeated extractions. Not more than 
10% of the sample could be accounted for as low- 
molecular-weight material small enough to be lost 
on dialysis. The undissolved residue was 24% of 
the original (P,O,-vacuum) dry weight. 

Microscopic examination showed that the dis- 
solved material came from the interior of the fiber. 
Even after repeated treatment the scale structure 
and general form were not changed. The fibers lost 
birefringence on being treated with the solvent, but 
regained a slight amount after being rinsed and 
dried. In some cases the dried extracted fibers had 
a strand of birefiringent material just inside the al- 
most nonbirefringent wall. Our interpretation of 
these facts is summarized in Figure 1. 


Electrophoresis of Wool Protein Dispersed in Urea 


Moving boundary electrophoresis is a particularly 
useful method of characterizing proteins and study- 
ing their homogeneity with respect to ionizing 
groups. Although a conclusive study of the electro- 
phoretic properties of solubilized wool protein was 
not made, preliminary study suggests that this pro- 
tein may be electrophoretically homogeneous. For 
this purpose an extract of mixed Idaho medium 
wools (WC-5) in solvent A was diluted and dialyzed 





FALLING! 


RISING FALLING 


Fic. 2. Electrophoresis boundary records of solubil- 
ized Idaho medium wool. Electrophoresis was carried 
out at pH 7.9, ionic strength 0.1, in the presence of 3.3M 
urea. The scales show the computed positions of 
boundaries of the stated mobilities in cm.” volt-* sec. 
referred to 0°C. Reading from bottom to top, the records 
were made, respectively, at 13,000, 67,900, and 68,000 
sec. after applying the electric field. 


against a buffer containing 3.3M urea and analyzed 
in the Klett-Tiselius electrophoresis apparatus.* 


Figure 2 shows the single negatively charged mov- 
ing component and rather large delta and epsilon 
boundaries [9], which in this case may possibly in- 
clude other protein components, A small water- 
soluble fraction prepared by treating wool with 
sodium sulfide gave a similar pattern in the absence 
of urea. 

Since difficulty has been reported in measuring 
electrophoresis in urea solutions [15, 16], technical 
details may be of interest. The solution used to ob- 
tain Figure 2 contained 0.22% dissolved wool 
equilibrated by dialysis against a pH 7.9 buffer 
containing 3.3M urea, 0.09M sodium chloride, 0.01M 
sodium diethylbarbiturate, 0.01M diethylbarbituric 
acid, and 0.1M mercaptoethanol. Electrophoresis was 
carried out at 0.5°C. Convection was avoided by 
lowering the current density to 7 milliamp./cm.’, cor- 
responding to a field strength of 1 volt/cm. Scales 
show the relation of electrophoretic mobility (in 
units of cm.? volt-? sec.“ referred to 0°C) to the 
position on the photographic record. The peaks 
show the positions and therefore the mobilities of 


* Mention of specific products and equipment does not 
imply endorsement by the United States Government. 
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concentration gradients representing either a moving 
boundary of dissolved wool protein or adjustments 
of salt and protein concentration often found near 
the starting position. The lowest record was made 
at 13,000 sec., after passage of 64.4 coulombs. The 
lower of the upper pair shows the falling boundary 
again at 67,900 sec., after passage of 329 coulombs; 
the uppermost record shows the rising boundary at 
68,000 sec., after passage of 329.5 coulombs. 


Interpretation of Ultracentrifugal Sedimentation 
Records of Dissolved Wool Protein 


The principal interest in ultracentrifugal measure- 
ments is due to the dependence of the sedimentation 
constant, or sedimentation velocity under standard 
conditions, upon the weight and shape of the sedi- 
menting molecules and, secondarily, upon their in- 
teraction with one another and with the solvent. 
Sedimentation diagrams therefore supply a criterion 
of homogeneity of sedimentable materials based on 
their molecular weights and Shapes, and give a 
means of studying the distribution of molecular 
weights in a mixed sample. Accordingly, in this 
study wool protein solubilized under various condi- 
tions in various solvents and proteins solubilized 
from different wools under the same conditions were 
characterized routinely by sedimentation, using a 
Spinco Model E analytical ultracentrifuge.* Since 
the discussion depends largely upon these results, it 
may be helpful to describe the important features 
of a representative sedimentation boundary record 
of dissolved wool protein, as shown in Figure 3. 
(The preparation used was sample 2 of Table I.) 

Each sedimentation record is essentially a graph 
of the concentration gradient as a function of the 
position in the centrifuge cell. In a normal record, 
each sedimenting substance forms a boundary rep- 
resented by a peak, as shown. The position of the 
peak, taking into account the time of centrifugation 
and other factors, is a measure of the sedimentation 
constant of the substance, so that to simplify inter- 
comparison, scales showing the calculated sedimenta- 
tion constants referred to standard conditions (water 
at 20°C) have been drawn in. The units are Sved- 
berg units, 10-** sec. The rise in concentration 
gradient at the extreme right of all records is due to 
accumulation of sedimentable material at the “bot- 
tom” of the cell. 








POSITION OF AIR-LIQUID SURFACE 
a POSITION OF CELL BOTTOM 








CONCENTRATION GRADIENT 








3.9% PROTEIN 
DIRECTION OF SEDIMENTATION -———> 


0.35% PROTEIN 

















Fic. 3. Effect of protein concentration on sedimenta- 
tion of solubilized wool in 10M urea. Sedimentation 
boundary records for JFW wool extract (see Table I, 
sample 2) in 10M urea and 0.5M mercaptoethanol. Left- 
hand record—3.9% protein, after 1505 min. centrifuga- 
tion at 260,000 times the force of gravity. Right-hand 
record—0.35% protein, after 1036 min. centrifugation. 
The vertical magnification of this record is three times 
that of the left-hand record. 





















































Factors Governing Ultracentrifugal Behavior 
of Dissolved Wool 














Although our main interest is in comparison of 
different wools, it is appropriate to consider first the 
effects of various factors that may influence the ag- 
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Sample 1 




















Reducing agent MSH 
Extraction time (hrs.) 18 
Initial pH 6.4 
Final pH 8.3 
Temperature (°C) 40-44 
Residue (%) - 





Concentration of extract (%) 






Sedimentation record} 






Sedimentation constant (s(w, 20)), S 














min. centrifugation. 











EFFECTS OF SOLUBILIZING CONDITIONS ON THE DISPERSION AND SEDIMENTATION 
OF WooL PROTEIN IN 10M UrEa* 
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gregation or dissociation of the protein, its physical 
shape, or its solvation, since these also influence the 
sedimentation rate. Three kinds of factors are de- 
scribed below. The first group consists of factors 
shown to affect the sedimentation of dissolved wool 
protein in aqueous urea solutions. Second, the ef- 
fect of some variations in the conditions of dissolv- 
ing the wool in concentrated urea are presented. 
Third, the sedimentation behavior of wool protein 
dissolved in a few other media are shown for com- 
parison. 

Factors affecting the sedimentation of wool pro- 
tein in aqueous urea: concentrations of protein, urea, 
and electrolyte——The concentration of dissolved wool 
protein is an important factor governing its sedimen- 
tation rate in.concentrated urea, as shown by the sedi- 
mentation boundary records of Figure 3. For these 
records, wool (JFW) was solubilized as outlined 
under sample 2, Table I. The left-hand record is for 
3.9% protein after centrifuging 1505 min. at 260,000 
times the force of gravity. The right-hand record 
is for 0.35% protein centrifuged 1036 min. The 
vertical magnification of this record is about three 
times that of the first. 

The more dilute sample has a clearly higher 
sedimentation constant. In addition, because of this 








2 3 + 


MSH NaHSO; NaHSO; 
19 18 17 
8.5 6.4 8.7 
9.1 6.7 9.3 
50-52 40-44 50-52 
hl 49 70 
2.2 


* In these extractions, 2.5-g. samples of air-dry JF W wool were soaked overnight in 35 ml. of solvent containing 10M urea 
and either 0.5M mercaptoethanol (MSH) or 0.3M sodium bisulfite, adjusted in initial pH to the glass-electrode values shown. 
Sedimentation constants are in Svedberg units, 10~™ sec., referred to water at 20°C. 

t The sedimentation boundary records were made under the following conditions: 1-1, after 1492 min. under a centrifugal 
force 260,000 times that of gravity; 1-2, after 1505 min. centrifugation; 1-3, after 1537 min. centrifugation; 1-4, after 1337 
The vertical magnification for record 1-4 is about 1.5 times that for the other records. 
drawn in showing the relation of standard sedimentation constant to the position in the cell. 


Scales have been 
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dependence of sedimentation upon protein concen- 
tration, the sedimenting boundaries are artificially 
sharpened, since protein molecules that happen to 
lag behind (because of diffusion or a slightly smaller 
molecular weight) find themselves in a more dilute 
solution, in which their sedimentation rate is faster 
than in the original solution below the boundary. 
However, Figure 3 also shows that the sharpening 
effect of the concentration change at the boundary 
is less effective in the more dilute solution because 
the concentration range is smaller. As an added 
consequence of the sharpening effect, attempted 
estimation of polydispersity by the method of Bald- 
win and Williams [4] was unsuccessful because the 
sedimentation boundaries actually showed consider- 
ably less spread than would be expected from the 
independently measured diffusion constant. 

The relation of sedimentation constant to protein 
concentration is also: shown in Figure 5, and is de- 
scribed more precisely in connection with the com- 
parison of different wools. 

Another factor governing sedimentation in urea 
is the concentration of urea itself. When urea is 


Fic. 4. Sedimentation boundary 
records of solubilized wool in various 
media. 1—0.80% Rambouillet wool 
profein in 10M urea, 0.5M mercapto- 
ethanol, and 0.2M lithium chloride 
(solvent A). Relative vertical mag- 
nification, 0.8. 2A—Same wool ex- 
tract in 4M urea (protein concentra- 
tion and other solvent constituents the 
same). Relative vertical magnifica- 
tion, 1.0. The maximum sedimenta- 
tion constant is higher than in 1. 2B 
—Same analysis at the later time 
shown. Relative vertical magnifica- 
tion, 1.0. Note absence of sedimenting 
boundary in the region where one 
exists in 1. 3—0.75% Tryon wool 
protein dissolved in 0.1N ammonium 
hydroxide after treatment with “1.6% 
peracetic acid.” Relative vertical mag- 
nification, 1.4. Two boundaries are 
evident. 4—0.72% Tryon wool pro- 
tein in 1M sodium salicylate and 0.5M 
mercaptoethanol. felative vertical 


260,000 x G, 7: 


magnification, 0.7. Note similarity to 
analysis in diluted urea. 
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brought by dialysis to a low enough concentration, 
the dissolved wool precipitates. It is reasonable to 
expect that dilution of urea may therefore lead to 
two effects tending to increase the sedimentation 
rate: aggregation and assumption of a more com- 
pact form. Experiments illustrated in Figure 4, 
numbers 1, 2A, and 2B, show that, at the same pro- 
tein concentration, dilution of urea from 10M to 4M 
resulted in a slightly increased maximum sedimenta- 
tion rate, with a sharper limit on the faster side 
(number 2A), and that there is no boundary in- 
dicating sedimenting material in the range of s = 1.0 
to 1.5S (number 2B) as there is in 10M urea. 
The records also suggest that dilution of urea in- 
creased heterogeneity and resulted in a decreased 
dependence of sedimentation rate upon protein con- 
centration. 

A third factor governing sedimentation of wool 
protein in urea is the presence of salt. In this 
study, after a few preliminary experiments, 0.2M 
lithium chloride was used regularly as a supporting 
electrolyte to minimize the retarding effect of charge 
on sedimentation [19]. 


= 


Omission of lithium chlo- 
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ride is seen to decrease the sedimentation constant 
by one-fourth from the values found with the salt, 
as shown by the lower line of Figure 5, both by com- 
parison with the upper line and in other experiments 
comparing the same extract with and without salt. 

Factors affecting the sedimentation of wool pro- 
tein in aqueous urea: conditions of solubilization.— 
No marked effect was noted on varying the tempera- 
ture and duration of the solubilizing treatment in 
concentrated urea. Wool (WC-4) dissolved in 18 
hrs. at room temperature was equal in amount to 
that dissolved at 50°C and had essentially the same 
(possibly slightly lower) sedimentation constant. 
There was no change in the sedimentation behavior 
of the dispersed wool held at room temperature for 
several weeks following its preparation. Allowing 
for the effect of protein concentration, there was no 
difference in the sedimentation properties of mate- 
rials recovered from a single extraction for 18 hrs. at 
room temperature or in two additional extractions 
of the same residue, extending the time of treatment 
to 115 hrs. 

Variations in the reducing agent, temperature, 
and pH of solubilization are shown in Table I to 
have relatively small effects on the sedimentation 
behavior. Following a report of Mercer [12] that 
the properties of dissolved wool varied in an interest- 
ing way with changes in the solubilizing conditions, 
four 2.5-g. samples of air-dry Merino-Rambouillet 
crossbred (JFW) wool were extracted overnight 
in 35 ml. of solvent containing 10M urea and either 
0.5M mercaptoethanol (MSH) or 0.3M sodium bi- 
sulfite. Of each pair, one sample was adjusted to 
pH 6.5 and extracted at 40°C and the matching 
sample was adjusted to pH 8.5 and extracted at 
50°C. The variation in the amount of wool dis- 
solved is significant, since it confirms observations of 
Jones and Mecham [7], who found that an undis- 
solved residue of 73% remained after 18 hrs, treat- 
ment at 40°C with a neutral solution of 0.5M mer- 
captoethanol in 10M urea, but that only 48% re- 
mained undissolved after treatment with neutralized 
0.3M sodium bisulfite in 10M urea under the same 
conditions. 

Taking into account the effects of salt and protein 
concentration, the sedimentation constants of samples 
1, 4, and probably 2 seem to be in full accord with 
the behavior established for wool in solvent A, shown 
by the upper line of Figure 5. The sedimentation 
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constant for sample 3 alone seemed unusually high 
considering its concentration. Since from the re- 
sults of Mercer [12, 13] samples 4 and perhaps 2 
would be expected to be the less degraded samples, 
with higher sedimentation constants, and since the 
precipitation resulting from adding one-fourth vol- 
ume of saturated magnesium sulfate, ethyl alcohol, 
or distilled water did not differ in character among 
the four samples, it was concluded that this set of 
experiments does not support Mercer’s experience 
and that these variations in extracting conditions 
do not alter conclusively the character of the prod- 
ucts. In particular, since dilution of these extracts 
with water to only 8M urea produced increases in 
viscosity and gel formation, it seems likely that there 
is appreciable interaction among the molecular units, 
especially at even lower urea concentrations, that 
must affect the molecular weight estimation of these 
units. 

In summary of this group of experiments, it may 
be concluded that wool extracts made in 10M urea 
with excess of mercaptoethanol or sulfite, at pH’s 
from 6.5 to 8.5 and temperatures from 26° to 50°C, 
are closely similar in their ultracentrifugal behavior. 
In some cases the amount of material dissolved dif- 
fers by more than the experimental error, and, in 


view of the observations of Mercer, it may be that 


S(w,20) 


20 
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Fic. 5. Effects of protein concentration and. salt on 
the sedimentation of solubilized wool in 10M urea. The 
letters Rand L show the sedimentation constants of 
parallel extracts of Rambouillet and Lincoln wool, as 
described in the text, at several dilutions. The upper 
line is that best fitting these results. The squares show 
the constants of parallel extracts of the RMA Contract 
wools, designated by the code numbers given in the text. 
These measurements were made in solvent A, including 
0.2M lithium chloride. The circles and lower line sum- 
marize sedimentation constants of the extract of sample 
2, Table I, at several dilutions, all without added electro- 
lyte. 
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other significant differences exist that are not easily 
demonstrated ultracentrifugally. 

Dispersion and sedimentation of wool in solvents 
not containing urea.—Although urea is effective as 
a hydrogen-bond breaking agent in dispersing wool, 
jt is undesirable not only because of the increased 
viscosity and density of its solutions, but also be- 
cause its nitrogen content interferes with estimation 
of dissolved protein and small degradation products 
and because of its decomposition to ammonium 
cyanate, which may modify proteins that are present. 
There is also the possibility that even saturated urea 
may not be completely effective in freeing the peptide 
units from interaction. Accordingly, it is of interest 
to see that dispersions of wool having similar sedi- 
mentation behavior can be made in other solvents, 
even though the conditions of solubilization may be 
widely different. 

Sodium sulfide, by repeated extraction with a 
0.07M solution at room temperature, gave a fraction 
amounting to 5% of a Merino-Rambouillet crossbred 
wool (JFW) that remained soluble in water or 
dilute salt solutions. A 0.6% solution in 0.2M 
lithium chloride gave a standard sedimentation con- 
stant of 1.148. 

Boiling 2% sodium carbonate dissolved about 
74% of an unspecified wool in 1 hr. Forty percent 
of the original was not dialyzable. (Unpublished 
results of C. H. Binkley of this laboratory.) An 
0.85% solution of the nondialyzable fraction in 0.1M 
sodium chloride had a sedimentation constant near 
1.0S, referred to standard conditions. 

In contrast to these extracts showing single sedi- 
menting boundaries, a commercial (Tyron) wool 
oxidized with peracetic acid and dissolved in 0.1N 
ammonium hydroxide, pH 9.95, had two com- 
ponents, with standard sedimentation constants of 
1.35 and 0.5S, as shown in Figure 4, number 3. 
The wool was oxidized for 24 hrs. at room tempera- 
ture, following the directions of Alexander and Ear- 
land [2], except that the “1.6% peracetic acid” 
(with some free hydrogen peroxide) was prepared 
from nominally 30% hydrogen peroxide [6]. The 
protein concentration of the extract was 0.75%. 
No evidence of faster sedimenting material, expected 
from the published molecular weight estimate of 
70,000, was noted. 

A very low sedimentation constant was noted in 
one case. A 2% solution of JFW wool dissolved in 
a solvent containing 6.67M urea, -4M n-propyl al- 


411 


cohol, 1M lithium chloride, and 0.5M mercapto- 
ethanol on long standing at room temperature gave 
a standard sedimentation constant of only 0.145. 

Solutions of wool protein in aqueous sodium sali- 
cylate of 0.5 to 4M have also failed to give readily 
measurable boundaries. An example of the sedi- 
mentation patterns, which resemble those in diluted 
urea, is given in Figure 4, number 4. 

Except for the extracts in salicylate and diluted 
urea, which did not give clearly resolved boundaries, 
none of these solutions of solubilized wool showed 
clearly faster sedimentation than would correspond 
to the standard sedimentation constant 1.6S at in- 
finite dilution of protein. 


Comparison of the Ultracentrifugal Properties 
of Different Wools 


Since the sedimentation constants of a number of 
different wool preparations were shown to be of 
similar magnitude, but dependent on the protein 
concentration, a closer comparison of widely differ- 
ent wools was made by solubilizing individual 
shoulder samples from Rambouillet and Lincoln 
yearling wethers in solvent A and ultracentrifuging 
at several different concentrations. It is evident that 
there is no difference between these extracts, as 
shown in Figure 5, in which the sedimentation con- 
stants of the Rambouillet extract are denoted by 
R, and those of the Lincoln, L. For both, the de- 
pendence of sedimentation constant on protein con- 
centration is expressed by the equation 


s(w,20) = 1.57 — 0.0300c, 


in which s(w,20) is the sedimentation constant in 
Svedberg units referred to the standard conditions 
(water at 20°C), and c is the concentration of dis- 
solved wool in mg./ml. 

Sedimentation constants were also measured for 
the RMA Contract wools solubilized under the same 
conditions. These are shown by Figure 5 to be in 
agreement with the equation given within 0.1S. In- 
dividual points are designated as follows: New Zea- 
land medium 58’s, 58; New Zealand medium 60’s, 
60; Australian Merino, 3; Idaho Rambouillet, 4; 
and Idaho medium, 5. It is evident that the soluble 
fractions of these wools show no significant differ- 
ences in their ultracentrifugal sedimentation. 

Results obtained with wool from a Merino-Ram- 
bouillet cross (JFW) in the same solvent, except for 
omission of salt, are given by the circles and lower 
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line of Figure 5. The difference from the behavior 
of the other wools is attributed entirely to absence 
of supporting electrolyte in this series. 


Partial Specific V olume 


The partial specific volume of the dissolved wool 
must be known or estimated in order to refer sedi- 
mentation constants to standard conditions, and also 
to estimate the molecular weight from sedimentation 
and diffusion constants. It can be computed from 
the amino acid composition. This computation ap- 
pears to be valid for solvents containing urea inas- 
much as McMeekin, Groves, and Hipp [11] found 
the partial specific volume of casein computed from 
its amino acid analysis to be the same as that ob- 
served in 6.66M urea as well as in alkali and, at the 
limit of zero protein concentration, in acid. Accord- 
ingly, the value 0.727 cm.* g.' (25°C), based on 
amino acid analyses of whole wool, has been used for 
molecular weight estimation for the RMA Con- 
tract wools. Although this value may be altered by 
fractionation in the solubilization, the molecular 
weight estimate will not be affected by more than a 
few percent. Mercer and Olofsson [13] have used 
the somewhat lower value, 0.703 cm.® g.-', reported 
for wool dissolved by sodium sulfide. 


Measurement of Free Diffusion 


Although the sedimentation constant depends upon 
the molecular shape and solvation as well as on 
molecular weight, .knowledge of the diffusion con- 
stant in addition permits separate computation of 
molecular weight and molar frictional ratio (express- 
ing the combined effect of shape and solvation). 
Therefore, in order to compare these properties, dif- 
fusion constants were found for the same RMA 
Contract wool solutions for which the sedimentation 
behavior has been described. For these measure- 


TABLE II. Summary or MOLECULAR KINETIC RESULTS FOR THE RMA Contract WooLs 
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Fic. 6. Diffusion boundary records of solubilized New 
Zealand medium wool 60’s (WC-2) in the same solvent 
A used for extraction and sedimentation. Protein con- 
centration, 2.29 g./100 ml. Temperature, 29.6°C. Scales 
of diffusion constants referred to water at 20°C have 
been drawn, showing the computed positions of the cor- 
responding points of inflection for ideally diffusing pure 
substances. 


ments, the extracts were dialyzed against additional 
extracting solvent. Solution-solvent boundaries were 
formed and measured in duplicate at 29.6°C in a 
standard 11-ml. electrophoresis cell, using an oblique- 
slit cylindrical lens optical system [20]. Diffusion 
constants were found by both the height-area method 
and the method of moments [8]. Examples of the 
records are shown in Figure 6, which includes scales 
giving the diffusion constants corresponding to in- 
flection point positions for ideally diffusing sub- 
stances. 

The average height-area diffusion constant, re- 
ferred to water at 20°C, was 4.91 x 10° cm.? sec."*. 
The average diffusion constant found by the method 
of moments was 4.90 x 10° cm.” sec.-*. Measure- 
ment of the shape of individual curves suggests that 
this agreement is fortuitous, depending upon initial 
formation of boundaries of nonideal shape. These 
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Molar 
Concen- Sedimentation Diffusion Molecular frictional 
Wool tration constant constant weight ratio 
(g./100 ml.) (10-3 sec.-!) (10-7 cm.? sec.) 

New Zealand medium 58’s (WC-2) 2.8 0.69 4.78 12,900 2.9 
New Zealand medium 60’s (WC-2) 2.3 0.97 4.99 17,600 2.5 
Australian fine 70’s (WC-3) 3.0 0.70 5.20 12,100 2.7 
Idaho fine 64’s (WC-4) 2.9 0.66 4.72 12,600 3.0 
Idaho medium 58’s (WC-5) 2.8 0.74 4.84 13,800 2.8. 
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shape measurements show for each sample that the 
diffusion constant from the method of moments 
eventually assumes a value 15% greater than that 
from the height-area method. The protein therefore 
appears highly heterogeneous. 

The variation in diffusion constant found among 
the different wool samples is not significant. 


Molecular Weight and Molar Frictional Ratio 


Comparison of the RMA Contract wools was con- 
cluded by estimating the average molecular weight 
and molar frictional ratio of the dissolved fractions. 
For this purpose, the height-area diffusion constant 
was used because of its greater precision, together 
with the sedimentation constant corresponding to the 
concentration used for the diffusion measurement. 
Table II summarizes the results. The values given 
for sedimentation and diffusion refer to the standard 
conditions {water at 20°C). The average molecular 
weight was 14,000, The average molar frictional 
ratio was 2.8. From the latter, the greatest possible 
length-width ratio is of the order of 35 to 50. In- 
dividual differences do not appear to be significant. 

The molecular weights and asymmetries of these 
preparations were therefore much lower than those 
of the partly reduced preparation studied by Mercer 
and Olofsson, but somewhat higher than the values 
given for completely reduced wool in sodium sulfide. 


Discussion and Conclusions 


The most important result of this study is that no 
significant differences appear in the molecular size 
or shape of the protein dispersed in 10M urea by 
reduction with 0.5M mercaptoethanol from fine, 
medium, or coarse wools, whether of domestic or 


foreign origin. This result supports the view that 
the properties of the fundamental units are closely 
similar in the major portion of these normal wools. 
This finding is also consistent with the results of 
the Forstmann Woolen Company’s processing studies 
of the fine and medium wools of domestic and foreign 
origin. The differences within this group of wools 
proved to be accounted for entirely by the differences 
in fiber diameter. 

As a second result of our study, the average 
molecular weight of the dispersed protein, amount- 
ing to about 65% of whole wool, was found to be 
14,000. This result differs from that of Mercer and 
Olofsson [13], who used similar dispersing condi- 
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tions, in that they found an appreciable fraction of 
molecular weight 84,000. This they ascribed to in- 
complete reduction. On the other hand, they re- 
ported that the fundamental protein units as dis- 
persed by sodium sulfide have a molecular weight 
of about 9,000, which is somewhat less than our 
estimate. 

Several possible reasons for these differences may 
be mentioned. First, the high-molecular-weight 
material may represent a secondary aggregation re- 
sulting from lowering the urea concentration in the 
presence of a lower pH and higher electrolyte 
(sodium carbonate) concentration than in our ex- 
periments. We have shown a slight aggregating 
(possibly a desolvating or refolding) effect of dilut- 
ing the urea. Additional study will be needed to 
show whether this effect can account for an im- 
portant part of the difference. 

On the other hand, Mercer and Olofsson gave 
reasons for believing that the high-molecular-weight 
material is an incompletely reduced fraction. If so, 
our reducing conditions may have been more ef- 
fective because of our use of 0.5M mercaptoethanol 
instead of sulfite at a lower concentration. This 
conclusion is not always valid, since our experiments 
have shown close ultracentrifugal similarity among 
dispersions made with either sulfite or mercapto- 
ethanol at both pH 6 and pH 8. 

A third factor possibly contributing to the differ- 
ence is the slightly higher alkalinity of our disper- 
sions. Our solvent was originally adjusted to pH 
8 instead of pH 7. During extraction our samples 
rose to pH 8.6, and on further standing to as high 
as 9.3, possibly favoring reduction and hydrolysis of 
sensitive peptide bonds. However, the agreement in 
ultracentrifugal properties of these dispersions made 
at 50°C and of others made under more nearly 
neutral conditions or at room temperature show that 
this alkalinity is probably not important. 

With reference to our higher estimate of the funda- 
mental protein-unit weight than that reported by 
Mercer and Olofsson for wool dissolved in sodium 
sulfide, it is possible that the alkalinity. may have 
formed a small number of thioether linkages, stable 
toward reduction, or else that still higher alkalinity 
is necessary for optimal reduction. On the other 
hand, significant protein-chain hydrolysis may re- 
sult from use of the strongly alkaline sulfide. 

A final factor affecting our estimate may be our 
use of lithium chloride, which may possibly favor | 
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some aggregation in addition to suppressing the ef- 
fect of charge on sedimentation and diffusion. Sev- 
eral of these and other factors warrant further study. 

Alexander [1] has also isolated a high-molecular- 
weight (70,000) protein fraction, constituting 30% 
to 45% of wool, after oxidation with peracetic acid. 
This fraction must correspond either to part of the 
urea-soluble fraction of reduced wool or to part of 
the residue. If it corresponds to the solubilized frac- 
tion, a significant number of disulfide bonds may 
have escaped cleavage, or, alternatively, other bonds 
—for example, hydrogen bonds—may have remained 
intact, since our results and those of Mercer and 
Olofsson [13] and others suggest that much smaller 
potential units exist in quantity. It appears signif- 
icant that from 40% to 65% of the oxidized wool 
either had a molecular weight of 13,000 or was ina 
state very readily dissociated or degraded to units 
of this size. 

On the other hand, since more very low-molecular- 
weight fraction appears after oxidation than is lost 
on dialyzing the reduced wool in urea solution (30% 
as against not more than 10% ), and since the residue 
from the oxidized wool is smaller, oxidation appears 
to be the more drastic treatment. From this evi- 
dence, the 70,000 molecular-weight fraction might 
be supposed to correspond in part to the residue 
from reduction. Evidently, measurement of the 
relative roles af disulfide-bond cleavage and peptide- 
bond hydrolysis is very desirable. 

Middlebrook [14] has made a careful estimate of 
the terminal alpha-amino groups available in whole 
wool for reaction with dinitrofluorobenzene. Ac- 
cessibility of the wool to the reagent was checked 
by the completeness (97%) of the reaction with the 
epsilon-amino groups of lysine. Rates of hydrolytic 
liberation and decomposition of the dinitrophenyl- 
amino acids were taken into account. From the re- 
sults, the average polypeptide-chain weight for whole 
wool was found to be 60,000. After treatment with 
bisulfite and urea, the average chain weight of either 
the solubilized portion or the residue was about 
30,000. In either case, the total number of end- 
groups found in whole wool is far less than the 
number required for a substantial fraction of molec- 
ular weight 14,000. The discrepancy between Mid- 
dlebrook’s results and those of this research does not 
lie in the fact that the latter apply only to a fraction 
(60% or 70%) of the whole wool. The funda- 
mental difference lies in the relative importance of 
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two factors: the role of peptide-bond hydrolysis in 
the formation of low-molecular-weight fractions, and 
the limitations of the end-group assay method. The 
actual amount of peptide-bond cleavage in urea solu- 
tions remains to be shown. On the other hand, it 
should be recognized that, even though nearly all 
of the lysine residues can react, it is still possible that 
a substantial part of the terminal amino groups may 
be inaccessible to the end-group reagent because they 
may exist in a different part—for example, in a more 
compact or more closely bonded part—of the wool 
structure. This possibility is somewhat related to a 
fundamental defect in the structure proposed for 
wool protein by Middlebrook: the histological com- 
plexity of wool is disregarded in spite of much 
evidence for real chemical differences among frac- 
tions representing even partial separation of the 
fiber components. 

In any case, from the several researches [1, 13, 
18] showing that various fractions of wool having 
molecular weights in the neighborhood of 10,000 
can be isolated after treatments cleaving disulfide 
bonds more or less specifically, we conclude that the 
protein polypeptide chains released from wool by 
aqueous mercaptoethanol plus urea, or by other dis- 
persing treatments breaking disulfide bonds and 
hydrogen bonds under conditions not favoring hy- 
drolysis, have an average length of roughly 100 
amino acid residues. These units contain about 10 
potentially cross-linking cysteine residues. (This 
generalization applies to the approximately 70% 
that becomes soluble but not dialyzable.) 

Mercer and Olofsson infer that their soluble high- 
molecular-weight fraction is formed by cleavage of 
the more labile of a system of disulfide bonds of 
varied stability. Preparations of either low or high 
molecular weight—especially the latter—have unusu- 
ally elongated molecules. Regenerated fibers have 
been reported to have the alpha configuration. 
Mercer and Olofsson use this evidence with the 
solubilizing conditions to deduce that wool is largely 
an array of alpha-folded polypeptide chains joined 
axially by disulfide bonds relatively stable toward 
neutral sulfite but split by alkaline sulfide. The units 
are joined transversely by disulfide bonds that are 
broken by neutral reducing agents. Their results 
and interpretation suggest that it may be profitable 
to examine more closely wools that are fractionally 
solubilized in relatively ineffective solvents. 
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A significant correlation exists between the ob- 
served 14,000 molecular-weight wool protein unit 
and the published results of x-ray examination of 
wool and related proteins, which is lacking for the 
larger unit (of length 950 A. or 1200 A.) proposed 
by Middlebrook [14]. According to Bear [5], the 
x-ray diffraction results are satisfactorily in agree- 
ment with an axial periodicity of 198 A. If this 
period is taken to correspond in length to a single 
polypeptide chain folded in the alpha form, the 
molecular weight can be determined for the repeat- 
ing unit of the more crystalline portion of wool. For 
this calculation it is necessary to know also the 
average amino acid residue weight and the distance 
in the axial direction corresponding to one residue. 
The axial distance per amino acid residue in the 
alpha-folded chain has been deduced by Astbury [3] 
and others to be close to 1.72 A., and more recently 
by Pauling and Corey [17] to be near 1.53 A. on the 
basis of their helical model. Accordingly, the total 
number of residues accommodated in the axial 
identity distance of 198 A. is 198/1.72 = 115 for the 
Astbury model, and 198/1.53 = 130 for the Pauling 
model. Since representative amino acid analyses 
show the average amino acid residue weight for 
wool to be about 115, the corresponding molecular 
weights are 115 X 115 = 13,000 for the Astbury 
model, and 130 x 115= 15,000 for the Pauling 
model. These values are in agreement with the 
molecular-weight unit of 14,000 observed in this 
study, or of 13,000 reported by Alexander. 

On the other hand, MacArthur [10] earlier pro- 
posed that the axial identity distance of 658 A., the 
longest suggested for alpha-keratins, might be in 
slightly better agreement with the x-ray results. For 
this identity distance, the Astbury model leads to a 
molecular weight of 45,000, and the Pauling model, 
50,000. Accordingly, the longest suggested periodic- 
ity is too short to accommodate the longer units 
isolated chemically unless these consist of two chains 
side by side or a single chain folded more extensively 
than usually suggested for alpha-keratin. 
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Stress Relaxation and Shrinkage in Fibers‘ 
Mei Chio Chen,} Taikyue Ree,{ and Henry Eyring ** 


Introduction 


When a viscoelastic material is deformed by a 
stress and kept at the constant strain, the stress 
decays gradually with time. This phenomenon is 
called the stress relaxation at constant strain [7], 
which is one of the fundamental properties of visco- 
elastic materials. The stress relaxation is caused 
by the flow process of the molecules in the material; 
consequently, it is quite dependent upon the struc- 
ture of the latter. 

So far, many studies of this property have ap- 
peared. An excellent survey on the stress relaxa- 
tion is seen in the books of Alfrey [1], Mark and 
Tobolsky [9], Leaderman [8], and Zener [18]. 

Since the stress relaxation is a function of the 
structure of materials, it furnishes a good tool for 
the study of the latter, especially for high polymers. 
Thus, Treloar [17], Roth and Wood [14], Tobolsky, 
Prettyman, and Dillon [16], Mooney, Wolsten- 
holme, and Villars [10], Stern and Tobolsky [15], 
Andrew, Hofman-Bang, and Tobolsky [2], etc., 
worked on rubber and related substances and clari- 
fied their structures and properties a great deal. 
The works on rayon by Halsey, White, and Eyring 
[5], on hair by Reese and Eyring [13], and on cotton 
fibers by Nimer, Lasater, and Eyring [11] are very 
interesting visualizations of the structure and prop- 
erties of those fibers. 

Shrinkage is also a common property for high 
polymeric substances. The prevention of shrink- 
age of synthetic fibers is an important problem in 
industry. However, there are relatively few studies 
concerning it. As far as we know, there are only 
the technical reports on Saran distributed by the 
Chicopee Manufacturing Corporation [6] and the 
Dow Chemical Company [3]. 

In an earlier paper [12] the present authors studied 
Saran fibers by vibrational stretching in order to 
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clarify its structure. The present paper studies the 
stress relaxation of Saran fibers in order to explain 
shrinkage. 


Experimental 
Material, Apparatus, and Procedure 


The fibers used in this study were the polyvinyli- 
dene chloride fibers which are widely known as 
Saran. The “green sample” (Saran monofilament 
dyed green) of 15 mil in diameter was chosen. This 
is currently used in screen cloths. All samples used 
in this study were supplied by Chicopee Manufac- 
turing Corporation. 

The apparatus used for determining the change 
of stress at constant strain is shown in Figure 1. 
T is a transducer made by Statham Laboratory, 
Los Angeles, California. It is the same type as 
that used by the authors in the previous study of 
Saran fibers [12], and is quite satisfactory for the 
measurement of strain and stress. 

A Saran fiber, S, is attached to the transducer 
through a brass rod, Ri, which fastens the fiber 


G 





Fic. 1. Apparatus for measuring stress relaxation 


and shrinkage. 
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through its central hole and its side screw. The 
other end of the fiber is fixed to another brass rod, 
R», which holds the fiber by the same mechanism 
as Ry. The length of the fiber between the two 
brass rods is about 1 m. The output of the trans- 
ducer is connected to a galvanometer, G, of d’Arson- 
val type, while the input is connected to an electric 
cell, E, at constant voltage. 

A desired amount of stress can be impressed on 
the fiber by adjusting vertically the position where 
R, is fixed. An electric current corresponding to 
this stress flows through the galvanometer,G. The 
galvanometer reading is exactly proportional to the 
stress applied to the fiber. The reading is con- 
verted to stress in dynes/cm.’ using calibration data 
obtained prior to the experiments. 

The stress relaxation of the fiber can be measured 
by taking galvanometer readings at suitable time 
intervals. 

The measurement is conducted with a fiber ex- 
posed in air or in water. Saran does not absorb 
water and is almost insoluble in and nonreactive 
with water. Therefore, the experiment in water 
provides a convenient means for testing the fiber at 
various temperatures. There is the possibility that 
oxidation of the fiber might occur in a prolonged 
experiment in air at temperatures considerably 
higher than room temperature. The experiment 
in water excludes this possibility. For this reason, 
the results reported herein were obtained mostly in 
water. 

For the experiments in water, a fiber is stretched 
inside a water column, C, in Figure 1. The ambient 
temperature of the fiber is kept constant by circu- 
lating water at the desired temperatures. The tem- 


Relative relaxation 


Time in hours 


Fic. 2. Relative stress relaxation versus time. 
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perature difference between the upper and lower 
part of the column is less than 0.5°C even at 67°C, 
which was the highest temperature employed in our 
experiments. The temperature fluctuation through- 
out an experiment is less than +1°C even at the 
highest temperature. 

When the experiment for the stress relaxation was 
conducted at 67°C, the stress relaxation was fol- 
lowed by shrinkage of the fiber. Thus, the stress 
increased after it had first decreased to 78.6% of 
the initial stress by the relaxation mechanism. 
Therefore, the shrinkage was measured by taking 
the galvanometer reading. This changed with the 
time in the opposite direction to the relaxation. 

In parallel with the shrinkage experiment, the 
weight of a Saran sample was measured after it was 
dipped into the water at 67°C for a definite time. 
The Saran sample was the same as the one used in 
the shrinkage determination mentioned above. The 
weight of the sample was about 1 g., and .it was 
dipped into water in its relaxed state. The weight 
was found todecrease. (The same result was found 
in the laboratory of the Dow Chemical Company 
[3].) The weight loss was determined at successive 
intervals of time. For the determination of weight, 
care was taken to dry completely the moisture of 


the fiber. 


Experimental Results 


Stress Relaxation.—A typical example of the stress 
relaxation is shown in Figure 2. These results are 
for the experiment conducted in air at 25.5°C. It 
is seen that the relaxation was not complete even 
after an elapsed time interval of more than 100 hrs. 
However, when 124 hrs. had passed, the relaxation 
was virtually stopped at 36.0% relaxation of the 
initial stress, since there was no sign of further 
decrease of the stress. Shrinkage of the fiber also 
seems not to occur at an appreciable rate at 25.5°C 
because the stress in the above experiment had not 
increased even after 124 hrs. or more had elapsed. 

Results for the experiments in water at various 
temperatures are shown in Figure 3. It is seen 
that the higher the rate of the relaxation, the higher 
the temperature. 

In Table I, the initial galvanometer readings for 
all of the experiments reported in this paper and the 
equivalent stresses in dynes/cm.? are given. The 
temperature in the first column stands for the ex- 
periment which was conducted at that temperature. 
Using these data, the relative relaxation can be 














Relative relaxation 


Time in minutes 


transformed into the stress in the galvanometer 
reading and into the stress in absolute units if de- 
sired. In Table I, the ratio of the stress to the 
galvanometer reading in each experiment is not 
constant; this is because the galvanometer was 
adjusted prior to each experiment, and a different 
galvanometer was used for the experiment in air. 

Shrinkage Experiment.—As mentioned before, the 
stress relaxation at 67°C was followed by a shrink- 
age process—that is, the stress began to increase 
after it reached a minimum, after which it exceeded 
the initial stress impressed on the fiber. This in- 
crease in the stress was due to the shrinkage of 
the fiber. The rate of the shrinkage was appre- 
ciable at 67°C, and was negligible around room 
temperature. 

As the starting point of the shrinkage in this 
experiment, we chose the time when the galvanom- 
eter reading reached back to the point corresponding 
to initial stress. Of course, this time is not the 
correct starting point for the shrinkage process, 
because the latter occurs more or less from the 
beginning of the experiment. However, the starting 
point defined above gives a common standard in all 
experiments. 

In Figure 4, the relative shrinkages calculated 
from the galvanometer readings are plotted against 
the time in days. The shrinkage is seen to be a 
very slow process. 

In this experiment, about 32.8 hrs. were required 
for the stress to rise from the minimum value back 
to its initial value. 

Weight Loss.—In order to minimize the experi- 
mental error accompanying the determination of 
the weight loss with time mentioned previously, the 
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Relative stress relaxation versus time 


Fic. 3. 
at various temperatures. The solid curves are 
theoretical. 














TABLE I 
Initial Equivalent 
galvanometer stress 
Temperature reading (dynes/cm.?) 
(°C) (arbitrary unit) x 107 
22.5 48.2 4.49 , 
25.5 23.6 26.5 
28 13.4 6.06 
41 9.2 4.39 
50 24.2 7.04 
67 ~ 13.8 6.05 


following process is preferable: many weighed sam- 
ples of the green Saran fiber are dipped simultane- 
ously into the water bath at 67°C and subsequently 
successive samples are removed and weighed. 

The percentage of weight loss is plotted against 
time in Figure 4. The relation between the weight 
loss and time is seen to be the same as for the 
shrinkage process. Consequently, we conclude that 
the weight loss accompanies the shrinkage of the 
fiber. Further discussion on the weight loss will be 
given later. 


Theoretical 
Stress Relaxation 


Relaxation Equation.—The model used for ex- 
plaining the stress relaxation and shrinkage is the 
same as that used before [12]. Figure 5 shows the 
flow unit, which consists of m, Maxwell units in 
parallel with 2 straight springs and n; initially bent 
springs. 

Let the force acting on the flow unit be ¢, and the 
forces acting on the spring and Maxwell unit be ¢, 
and ¢a, respectively. Let the spring constants of 
the straight spring and the Maxwell spring be g» 
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Relative Shrinkage 
Percentage loss of weight 


O experimental 
@ % loss of weight 


Time in days 
Fic. 4. Relative shrinkage and percentage of weight loss 
versus time. The solid curve is theoretical. 


and g:, respectively. Then, the following equation 
follows: 


Fi 
og = 7 = Nos + Na, (1) 


where F is the gross force acting on the fiber across 
its cross-sectional area, A, and a is the area occupied 
by one of the flow units in A. No force acts on 
the bent springs.* Let the initial strain bes,. Then 
the spring force, ¢,, can be expressed by Hooke’s 
law as follows: 

ds = £2So. (2a) 
Let s,. be the initial strain on the Maxwell spring. 
Of course, this strain is established instantaneously. 
Because of this strain, the conjugated dashpot is 
pulled, gradually relaxing the strain energy of the 
Maxwell spring. Let s be the strain on the dashpot 
at time ¢. Then the strain on the Maxwell spring 
is simultaneously reduced this same amount. Thus, 
the force acting on the Maxwell unit, and therefore 
on the dashpot, is reduced from the initial value, 
£1Ss0, tO gi(Seo — S) at time #. As a result, we have 


ba = £1(Seo — 5). (2b) 


The force, ¢a, on the dashpot causes it to creep with 
the velocity s. The relation between the quantities 
¢a and & is represented by the following formula: 


(2c) 


* As for the function of the bent springs, refer to reference 
[12]. 


ga = ns, 


¥ 


Fic. 5. Molecular model for flow process. 


where 7 is the friction constant for the dashpot. 
From equations (2b) and (2c), we have 


gi(Seo — s) = ni. (2d) 
Solving this equation gives 


_ st 


Sso — §._m Sso€ = Sso€ oe 


(2e) 


where we put 
; (3) 


which is called the relaxation period. 
we have 


Therefore, 


t 


oa = L1Se0b %, (4) 


Substituting equation (4) into equation (1), the 
following equation results: 


t 


A =e 
F= ry (MoZ2S0 + MiZiSsc€ 7). (S) 


If we assume there are many kinds of dashpots with 
relaxation periods 71, 72, °** 7; 
then we have 


+++, respectively, 


t 


F= (m2g2S0 + > Ny iZ1iS soi€ Tt), (6) 
where the subscript 7 indicates that these quantities 
defined previously belong to the ith dashpot and 
the conjugated spring. Equation (6) shows that 
the stress applied to the fiber decreases exponen- 
tially with time. This is the so-called “stress re- 
laxation.”’ 
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The relative relaxation, R, can be expressed in 
the following way: 





t ’ 








F, — F Mri¥r1iSe0i(1 ae e %) 
R = SC — 
F, “ N2GSo + MiLriSe0i 
ti 
=La(1—e%), (7) 
where 
NriZr1iS soi 
:=- —— ——~ 8 
” NZS o + NMiLriSs0i ( " 
or 
mage 1, (8b) 


NriZr1iSso0i aj 


Testing the Theory.—To account for the experi- 


mental results, it is enough to assume only two 
kinds of dashpots. The dashpots which have the 


smaller relaxation period, 7:, and the larger period, 
T2, are called ‘“‘dashpot 1”’ and ‘‘dashpot 2,” respec- 
tively. 

The best way to find 7 and 72 from the experi- 
mental results is by the ‘‘trial-and-error’’ method. 
The following procedure is the most expeditious 
one. Take two values of R from an experimental 
curve of R versus time. Let the values be R, and 
Ry at time ¢, and t, respectively. Then the ratio 
R./R, is given from equation (7) as follows: 


ta 





R, 1—e 7 
tater ae (9) 
2% 


where it is assumed that the contribution of dash- 
pot 2 is negligible compared to that of dashpot 1 
in the initial period of the experiment if we take 
R, and R;, in this period. Using the initial part of 
the curve ranging from zero to 10 min., the best 7 
is determined from equation (9). By substituting 
this value of 7, in equation (7), the value of a is 
determined. The contribution R, of dashpot 1 in 
R attains a constant value after a certain time. 
Let the constant value be Rimax. Then, by using 
the values for R — Rimax in the later period of the 
experiment, the values for 7. and a, are determined 
by repeating the same procedure mentioned above. 

A typical example is shown in Figure 2, where the 
dotted curves represent the contributions of dash- 
pots 1 and 2, and the solid curve is composed of the 
two hypothetical curves. The theoretical curve 
agrees very well with the experiments. 

By applying the same procedure to the results 
for the experiments in water, the theoretical curves 
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TABLE II 





ture Me- 71 T2 Mii 8iSs01 
(°C) dium (min.) (min.) ay 2 128198408 
2535"). air 72.0 18.010? 0.260 0.109 2.87 
22.5 water 4.30 65.0 0.0555 0.0750 0.72 
28 water 3.50 52.0 0.0817 0.0640 1.30 
41 water 3.27 45.0 0.0971 0.0500 2.04 
50 water 2.70 35.0: 0.123. 0.0358 3.78 
67 water 2.00 25.0 0.174 0.0237 8.67 
67 water 1.30104 14.410 0.336 0.332 1.02 
(shrink- 
age) 





in Figure 3 are obtained. The agreement between 
theory and experiments is also satisfactory in this 
case.. In Figure 3, the dotted lines indicate the 
values of Ri max. 

The values of 71, 72, a1, and a in all of the experi- 
ments are summarized in Table II. The first 
column gives the ambient temperature; the second, 
the ambient medium of the fiber; the third to sixth, 
the values of 71, 72, a1, and a, respectively; the last, 
the ratio (mg115s01)/ (128125802), Which will be dis- 
cussed later. 

From Table II may be seen the following: 


(a) The relaxation periods in the present study 
are much larger than those in the vibrational study. 
The periods for dashpots 1 and 2 in the latter case 
were 7; = 0.030 sec. and 72 = 0.50 sec., respec- 
tively, at room temperature. 

(b) The relaxation periods in water are much 
smaller than those in air. 


We are dealing with quite a different phenomenon 
in the present study from that in the vibrational 
study. Because the vibrational velocity of the fiber 
molecule is very large, only the Maxwell units which 
have smaller relaxation periods can relax during the 
vibration. Thus, the difference in relaxation periods 
measured in the two studies is natural. 

Although it was stated that Saran does not absorb 
water, it actually absorbs about 0.05% [3]. The 
difference between the relaxation periods in water 
and in air, therefore, is clearly due to the effect of 
this very small amount of moisture. It isa common 
experience in daily life that ironed cotton, silk, and 
wool relax easily by absorbing moisture—.e., mois- 
ture shortens the relaxation period. In the present 
case, the relaxation periods in water were shortened 
from 30- to 180-fold. The mechanism of the action 
of moisture is as follows: As mentioned in the first 
paper, the dashpot is composed of polar bonds 


Fic. 6. Logarithm of relaxation period versus 
reciprocal of temperature. 


3.1 . 
/T- 10 


Determination of the difference between the 
dissociation heats of dashpots 1 and 2. 


Fic. 7. 


(hydrogen bonds), H+t—Cl-, between a CH: group 
of one molecule and a CCl, group of another mole- 
cule. Because of their polarity, water molecules 
are adsorbed on the dashpots in preference to other 
parts of the fiber. Thus, the adsorbed water mole- 
cules act as a lubricant, decreasing the relaxation 
period. 

Activation Heat for the Flow Process.—As pointed 
out in the previous paper [12], the friction con- 
stant, n, can be expressed as follows: 

r AF* 


= 
n=h=e*', 


x (10) 


where AF* is the activation free energy for the flow 
process; h is the Planck constant; A is the width of 
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the potential barrier for the flow process; and ), is 
the distance between the neighboring two positions 
where the segment of the molecular chain rests at 
equilibrium. Substituting equation (10) into equa- 
tion (3), we obtain 


_ bm 


AF i* 


Ti é kT 


where AH* and AS* are the activation heat and 
activation entropy, respectively. Therefore, if we 
plot log 7; at different temperatures against 1/7, a 
straight line is obtained, as shown in Figure 6, where 
the lower line is for dashpot 1, and the upper for 
dashpot 2. From the slopes of the straight lines, 
the activation heats for dashpots 1 and 2, AH,* and 
AH,*, respectively, are calculated as follows: 


AH,* = 2.92 kcal. 
AH,* = 4.38 kcal. 


Because of the unknown quantities, gi;, Ai, and Aux, 
we cannot calculate the activation entropies, AS;*. 
If we assume that these quantities for dashpot 1 
are the same as those for dashpot 2, the difference 
between the activation entropies in the two dash- 
pots is calculated from equation (11) as follows: 


(AS,* — ASi*) = — 0.531 e. u.; 


that is, dashpot 2 has larger negative activation 
entropy than dashpot 1. 

Degradation of Dashpots.—The ratio (muguSso01)/ 
(m2212Se02) in the last column of Table II ‘can be 
given by equation (8b). We now consider the 
meaning of this ratio. If we assume So2 > Seo1 and 
212 & gn, the ratio is nearly equal to mu/m2. We 
consider first the stress relaxation in water. It can 
be seen from Table II that these ratios become 
larger with higher temperature. This means that 
dashpot 2 degrades more quickly than dashpot 1 
with higher temperature—that is, dashpot 2 has a 
larger dissociation heat than dashpot 1 (see dis- 
cussion below). 

The degradation occurs by dissociation of the 
dashpots. If we assume an equilibrium between 
the dashpot and the dissociation products,* we have 

_ AFs— AF; AS:—AS: _ (AH:— AM) 


ny 
— = ce RT = ce RT ¢ RT : 
Nie 


* Here it is assumed that the dissociation products are in 
excess and that the concentrations of the latter do not change 
appreciably. 








422 


where c is a constant, AF, AH, and AS have the 
usual meaning defined in an equilibrium, and the 
subscripts attached to these quantities indicate the 
dashpot involved. 

If we plot the logarithm of the ratios in the last 
column in Table II against 1/7, we obtain a 
straight line, as shown in Figure 7, where only the 
relaxation data in water are shown. From the 
slope of the straight line, the difference, AH, — AH, 
may be calculated. The result is as follows: 


AH, = AH, = 10.55 kcal.; 


1.e., the change of heat capacity accompanying the 
dissociation is greater in dashpot 2 than in dash- 
pot 1. The same conclusion was obtained in the 
authors’ vibrational study of Saran [12]. 


Mechanism of Shrinkage 


The Saran fibers were stretched in the manufac- 
turing processes—e.g., the extrusion, ‘‘orientation,” 
and ‘‘elongation’”’ [4]. Consequently, the Saran 
fibers are in a strained state and begin to relax, 
resulting in shrinkage. The mechanism of the 
shrinkage process is the same in principle as that 
of the stress relaxation mentioned previously. 

The straight springs in our model are really 
Maxwell units whose dashpots are extremely stiff 
and virtually immobile at ordinary temperatures. 
These dashpots suffered mechanical strain in the 
manufacturing processes, and do not relax easily 
because of the crystallinity established during the 
stretching. 

The relaxation of these dashpots causes the meas- 
ured shrinkage. Certain other dashpots, being more 
mobile, recover easily from the strain induced in 
their manufacture, and so do not participate in the 
observed shrinkage. 

The Rate of Shrinkage-—We assume the same 
model which was used in the stress relaxation ex- 
periment. Let s, and s,. be the strains at the 
starting point of the shrinkage on the straight spring 
and Maxwell spring, respectively. Then, equations 
(1) and (2a) follow immediately. Let s be the 
shrinkage at time t. The Maxwell spring elongates 
by the amount s, while the dashpot creeps this same 
distance. The force acting on the Maxwell dashpot 
is therefore given by the following equation instead 
of equation (2b): 


ba = £1(Sso + 5). (12) 
The creep velocity in this case is no longer propor- 
tional to ¢4 as given by equation (12) because the 
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creep is not caused by the force acting on the dash- 
pot, but, rather, by the mechanical deformation 
suffered during the manufacturing processes. Thus, 
equation (2c) does not follow in this case. -The 
creep velocity does not depend upon ¢g; instead, 
$ = k'(s~ — S), (13) 
where k’ is creep rate constant, and s., is the shrink- 
age after infinite time. The quantity s,, is therefore 
the strain initially received. Substituting the solu- 
tion for s from equation (13) into equation (12) 
gives 
ba = Bil Sco + Su(1 — e*’*) ]. (14) 
Therefore, if we use the force, oa, given by equa- 
tion (14) instead of that from equation (4), the 
relative shrinkage, R, is given by the following 


equation: 
R= Dat — e*'9, (15) 


where 
_ NiZ1iS@ 
se Sat N2Z25 0 + NyiZ1iS soi (16) 
Therefore, the relative shrinkage, R, is given by the 
same equation (7) as the relative stress relaxation, 
provided + = 1/k’. 

The theoretical curves in Figure 4 were obtained 
by the same procedure as mentioned before. We 
see that the agreement between theory and experi- 
ment is satisfactory. The values of 7; and 72 are 
9 and 10 days, respectively. It is quite a slow 
process even at 67°C. 

The Cause for the Weight Loss —We found in the 
experimental part that the weight loss of Saran 
accompanied the shrinkage. This weight loss is 
due to the loss of the plasticizer from the Saran. 
What is the cause of the latter? It may be ex- 
plained by the evaporation of the plasticizer which 
accompanies the shrinkage. However, as already 
seen, the shrinkage was explained by the relaxation 
of the strain suffered in the manufacturing processes, 
and the weight loss followed exactly the same curve 
(cf., Figure 4). We conclude, therefore, that the 
plasticizer is squeezed out by the shrinkage of the 
Saran. To support this conclusion a very interest- 
ing experiment was performed in the laboratory of 
the Chicopee Manufacturing Corporation.* The 
experiment was as follows: 

The green samples which contain plasticizer W 
were dipped into water, plasticizer W, and acetyl 
tributyl citrate at 72°C. The samples were with- 
drawn at different time intervals, and the shrinkage 


* Private communication from Dr. C. Harmon. 














— 


sy \y a 


\y =e ' 








June, 1952 


was measured. The percentage of shrinkage at 
30 min. was 3.3 + 0.1%, irrespective of the differ- 


ences between thé heating media. Thesame results 
were obtained at 10 and 20 min., although the 
absolute values of the percentages of shrinkage were 
lower by just a few percent than that at 30 min. 
Gray samples containing citrate plasticizer were 
tested in the same way as described above. The 
percentage of shrinkage was also independent of the 
heating media. 

This phenomenon was explained as follows: If the 
shrinkage occurs because of the flowing out of the 
plasticizer, then the shrinkage should be minimized 
by heating in the medium of the plasticizer which 
the sample contains. On the other hand, if the 
shrinkage takes place and squeezes out the plasti- 
cizer by force, then comparatively little difference 
would be found between the heating in water and 
the heating in the plasticizer. The experimental 
results mentioned above accord with the latter 
alternative, which is also the authors’ conclusion, 
as previously mentioned. 


Summary 


1. Saran (polyvinylidene chloride) fibers were 
studied by measuring the stress relaxation with time 
at constant strain. The measurements were con- 
ducted in air as well as in water in the temperature 
range 22°-67°C. 

2. The shrinkage of Saran was measured at 67°C 
by measuring the stress increase with time. 

3. The weight of Saran was measured during the 
shrinkage process. It was found that shrinkage 
accompanies the weight loss. 

4. The weight loss was caused by the loss of the 
plasticizer which the fibers contained. It was con- 
cluded that the plasticizer was squeezed out by 
force as a result of the shrinkage. 

5. To explain the experimental results mentioned 
above, a flow unit was assumed which had m, Max- 
well units, m2 straight springs, and ms bent springs. 
Furthermore, the Maxwell dashpots were assumed 
to be composed of two different kinds. 

6. The formulas for the rates of the stress relaxa- 
tion and shrinkage were derived and tested by the 
experiments. The agreement between theory and 
experiments was satisfactory. 

7. The relaxation periods for the two processes 
were determined, and the heat of activation and 
activation entropy for the flow process were cal- 
culated. 
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8. The relaxation periods for the stress relaxation 
were different in air and water. The periods for 
shrinkage were far larger than those for the stress 
relaxation. © 

9. The dashpots were degraded by raising the 
temperature. From these results the dissociation 
heats of the dashpots were calculated. 
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Formation of Cellulose Ethers in Water-Repellency 
Treatment of Cotton with Stearamidomethyl- 
pyridinium Chloride 
H. A. Schuyten, J. W. Weaver, J. G.jFrick, Jr., and J. David Reid 


Southern Regional Research Laboratory,* New Orleans, Louisiana 


Abstract 


Stearamidomethylpyridinium chloride reacts with cellulosic hydroxyl groups to produce a stear- 
amidomethyl ether of cellulose. Substitutions of 1 stearamidomethyl group per 150 anhydro- 
glucose units have been obtained. The permanent water-repellency obtained on treatment of 
cotton fabrics with amidomethylpyridinium salts is due to this reaction. 












A MIDOMETHYLPYRIDINIUM SALTS are 
widely used for the production of permanently water- 
repellent cotton cloth [16]. According to most pat- 
ent claims, these compounds impart permanent water- 
repellency by chemical reaction with cellulose. Some 
workers, in studies from the theoretical point of view 
[6, 24], have concluded that chemical reaction actu- 
ally takes place, while others hold that the water- 
repellency is due to the deposition of decomposition 
products from the amidomethylpyridinium salts and 
possibly their adsorption on the surface of the fiber 
[18]. 

Little direct chemical evidence has been offered to 
support either of these views. Davis [6] did obtain 
chemical evidence of a reaction between stearamido- 
methylpyridinium chloride and cellulose, but he ac- 
knowledges that his work is not comprehensive. He 
treated cotton fabrics with Velan PF,} a British 
trade product similar to the Zelan} used in the 
United States. The active ingredient in these two 
products is stearamidomethylpyridinium chloride, 
C,,H,;,CONHCH,N’C,H, Cr. 

Davis concluded that 1% to 2% of this compound 
reacts with cellulose to form the stearamidomethyl 
ether of cellulose. The mechanism proposed by 











































































































* One of the laboratories of the Bureau of Agricultural 
and Industrial Chemistry, Agricultural Research Adminis- 
tration, U. S. Department of Agriculture. 

+ The use of trade names does not imply endorsement by 
the Department of Agriculture over similar products not 
mentioned. 





























Davis for the ether formation is hydrolysis of the 
pyridinium chloride to the methylolamide, which re- 
acts with cellulose at curing temperatures. 


C,7HsCONHCH,N+C;H; Cl- 12 
H 
€,7H3;SCONHCH,OH a C;H;Nt+H ClI- eat 


Cellulose 


Ci7H3;CONHCH,O—Cellulose 


Any stearamidomethylpyridinium chloride in ex- 
cess of 2% forms only decomposition products, which 
can be removed by chloroform extraction. The 
amount of cellulose ether can then be estimated from 
the amount of formaldehyde released by hydrolysis 
with 5% sulfuric acid. Davis reported that 1 mole 
of the ether yielded 1 mole of formaldehyde. 


Plan of Work 


The present work was undertaken to extend that 
of Davis by establishing the nature of. the chemical 
reactions which take place between the cotton cellu- 
lose and the stearamidomethylpyridinium chloride 
and any compounds that form from this chloride in 
the treating bath or on the cloth under the usual 
treating conditions. 

Stearamidomethylpyridinium chloride and each of 


the possible compounds were synthesized and applied 


separately to the cloth in a manner as similar as pos- 
sible to the commercial treatment. The treated fab- 
rics were extracted with boiling chloroform, which 
is known to dissolve all the compounds used for treat- 
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Stearamidomethylpyridinium chloride 
Ci7Hss CONHCH,N*C;H; Cl- 


Heat or 





> 
5% H2SOx Distearamidomethane 5% H»SO 
NaOOCCH; + ROH Heat or (Ci7HssCONH)2CH; Heat or 





5% H2SO, 


Stearamidomethyl ethers 
Ci7H3s;CONHCH,OR 


4 


Fic.. i. 





ment as well as their decomposition products unless 
they had combined chemically with cellulose. It 
could be considered, therefore, that any material re- 
maining on the cloth after extraction must have re- 
acted chemically with cellulose, or at least have been 
strongly adsorbed. The amount of material remain- 
ing on the cloth was estimated by one or more of the 
following methods: amount of pickup (material 
added on) remaining, nitrogen content, and formal- 
dehyde yield on hydrolysis with 5% sulfuric acid. 
The release of formaldehyde on hydrolysis with 5% 
acid accompanied by the presence of nitrogen was 
taken to indicate the presence of stearamidomethyl 
cellulose ether in the extracted samples. 

Some of the treated samples were laundered re- 
peatedly to determine the degree of permanence of 
the water-repellent effect. 


Experimental 
Compounds Investigated 


Preliminary work was done using a commercially 
available preparation of stearamidomethylpyridinium 
chloride in the form of a paste. This paste was 
found to contain, in addition to stearamidomethyl- 
pyridinium chloride, distearamidomethane, a nitroge- 
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Reactions of stearamidomethyl compounds. 






nous resin, and liquids—said by the manufacturer to 
be pyridine and isopropyl alcohol. 

Because of the complexity of this mixture, results 
obtained from treatment with it were difficult to in- 
terpret or even to duplicate. For this reason, most 
of the present work was done with the pure stear- 
amidomethylpyridinium chloride and other pure 
stearamidomethyl compounds, including all those be- 
lieved to be present in a treating bath of stearamido- 
methylpyridinium chloride and those which may be 
formed on the cloth from thermal decomposition dur- 
ing the curing process. 

These compounds, which were synthesized, were: 
stearamidomethylpyridinium chloride, methylol stear- 
amide, distearamidomethane, and stearamidomethyl 
acetate. The methods of synthesis have been de- 
scribed previously [23]. Stearamidomethyl acetate 
was included since it may be formed from sodium 
acetate, which is commonly added to the treating bath 
as a buffer; it has actually been shown to be pro- 
duced by the reaction of stearamidomethylpyridinium 
chloride with aqueous sodium acetate solution. The 
relation of these compounds to each other and their 
reactions have been discussed previously by the pres- 
ent authors [23], and are shown diagrammatically 
in Figure 1. 






























426 


It is seen that distearamidomethane is formed 
when any of the other compounds are subjected to 
heat, and therefore can be expected to be formed on 
cloth treated with any of the other compounds and 
cured. This is confirmed by the isolation of distear- 
amidomethane, as identified by the melting point, 
from the solvent used to extract the treated samples. 


Although it does not appear possible that distear- * 


amidomethane could react with cellulose, it was in- 
cluded in this study because of the possibility of its 
adsorption on the surface of the fiber. 


Formation of Stearamidomethyl Acetate 


Stearamidomethyl acetate was obtained from the 
reaction of stearamidomethylpyridinium chloride with 
sodium acetate either in acetone solution or in aque- 
ous emulsion. 

In the first method, 6 g. of the chloride and an 
excess of anhydrous sodium acetate were stirred in 
300 ml. of acetone for 2 hrs. The acetone was then 
evaporated and the residue extracted with ether. 
The ether extract after concentration and cooling 
yielded 3 g. (50% yield) of stearamidomethyl ace- 
tate, m. p. 91°-94°C (lit., 92°-93°C). 

In the second method, 30 g. of stearamidomethyl- 
pyridinium chloride and 11 g. of crystalline sodium 
acetate were emulsified in 300 ml. of water by stir- 
ring in a Waring Blendor. The emulsion was ex- 
tracted with 2 1. of chloroform in three passes. So- 
dium chloride was added to prevent emulsification 
of the chloroform. Evaporation of the chloroform 
extract yielded a solid which was further extracted 
with ether. The solid obtained by evaporation of 
the ether extract was recrystallized from acetone, 
yielding 12 g. of a white solid, m. p. 85°-86°C. The 
presence of acetate in this material was indicated by 
the positive lanthanum nitrate test for acetic acid 
given by the distillate from a hydrolysis mixture with 
sulfuric acid. Halogen was absent. Saponification 
of the mixture indicated 70% of saponifiable matter, 
presumably stearamidomethyl acetate, equivalent to 
33% yield. In the absence of halogen, no other 
saponifiable matter was believed to be present since 
methylolstearamide and distearamidomethane were 
stable to saponification. 


Application to Cloth 


The cloth used in these experiments was cotton 
muslin, 80 x 80, 3.6 yds. per lb. The cloth was ex- 
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tracted with hot ethyl alcohol, which removed waxes 
and soaps amounting to about 1% of the weight of 
the cloth, and was then washed and dried. Analysis 
of the blank cloth showed an average nitrogen value 
of 0.0001%, and a zero yield of formaldehyde. 

The various compounds were appiied to cotton 
cloth from aqueous emulsion when possible; other- 
wise, they were applied from a suitable solvent. The 
samples were impregnated by dipping into the emul- 
sion or the solution and padding between rollers to 
remove the excess. The impregnated samples were 
dried in an oven with forced-air circulation at 120°- 
140°C, where they were also cured at 180°C for 2 
min. Curing was followed by washing with a so- 
dium carbonate solution containing a small amount 
of wetting agent, by several rinses with water, and 
by drying at 110°C. 

Distearamidomethane, prepared by the patented 
methods [8, 12], was applied from glacial acetic solu- 
tions of 1% to 5% concentration, since it was found 
difficult, if not impossible, to apply this compound 
from aqueous emulsion. _ 

Methylolstearamide was applied to cloth in much 
the same manner as distearamidomethane. Again it 
was necessary to use an organic solvent, toluene being 
effective for the purpose. The compound was ap- 
plied alone or with an acid catalyst, maleic anhydride, 
which was chosen because of its low volatility. A 
pretreatment with a 2% solution of maleic anhydride 
supplied the catalyst. The acid catalyst was used 
to simulate the commercial treatment, where acid 
would be present from hydrolysis of the pyridinium 
chloride. Also, the use of an acid catalyst with 
methylolamides has been patented [7] for the pro- 
duction of amidomethyl] ethers. 

Stearamidomethyl acetate was applied from a solu- 
tion in benzene or from an aqueous emulsion. 

Stearamidomethylpyridinium chloride was applied 
from aqueous emulsion with one-third of its wéight 
of crystalline sodium acetate added and also without 
sodium acetate in order to determine the effect pro- 
duced by the addition of sodium acetate. 

The commercial paste was applied to cloth to de- 
termine the comparability of the results obtained 
from the pure compounds. with those obtained from 
regular commercial treatment. This application was 
on a pilot-plant scale using standard textile equip- 
ment and the procedure recommended by the manu- 
facturer of the paste. 
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Chloroform Extraction 


The extraction of the samples with chloroform was 
carried through 25 cycles in Soxhlet extractors which 
were electrically heated to keep the chloroform at the 
boiling point. After extraction, the samples were 
washed with water and dried. 


Hydrolysis Reactions of Stearamidomethyl Com- 
pounds 


It is seen from Figure 1 that the stearamidomethyl 
compounds, except for distearamidomethane, are sus- 
ceptible to cleavage by 5% sulfuric acid, with the re- 
lease of formaldehyde in the process. The formalde- 
hyde yield on hydrolysis was used by Davis [6], as 
in the present work, as a method of estimating the 
amount of stearamidomethyl groups remaining after 
extraction. 

The samples were hydrolyzed by refluxing for 1 
hr. in 5% sulfuric acid followed by steam distillation. 
About 400-ml. of distillate was collected. With sam- 
ples that were difficult to wet, a small amount of 
Aerosol OT was added to the digestion flask. The 
colorimetric method of Hoffpauir et al. [11] was 
used to determine the formaldehyde content of the 
distillate. 

It was found that the hydrolysis reaction proceeds 
as follows: 


2 C,7H;;CONHCH.—Y oa H, H2SO, 


2 H—Y + CH,0 + 
Ci7H33—CON HCH2N HCOC,;Hs33, 


where Y is —N+C;H; Cl-, —OOCCH;, —OH, or 
—O—alkyl. 

It was found that 4 mole of formaldehyde, rather 
than 1 mole, was formed for each mole of compound 
(Table I). This reaction is confirmed by the isola- 
tion of distearamidomethane, identified by melting 
point, as the other end-product in each case, account- 
ing for the other 4 mole of methylene groups. The 
distearamidomethane was not hydrolyzed by the di- 
lute acid. It will be noted that stearamidomethyl 
ethers also yielded formaldehyde in this manner. 
Quantitative data on the ethyl ether are included in 
Table I. Although this compound could not be iso- 
lated and tested, the assumption is made that the 
cellulose ether would behave similarly. 
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TABLE I. FoRMALDEHYDE YIELDS ON HyDROLYsIS OF PURE 
COMPOUNDS WITH 5% SuLFuRIC ACID 
Found Theory* 
Compound (%) (%) 
Distearamidomethane 0.00 0.00 
0.00 
Methylolstearamide 4.49 4.78 
4.39 . 
Stearamidomethyl acetate 3.68 4.22 
4.11 
Stearamidomethylpyridinium chloride 3.92 3.65 
4.07 
Stearamidomethyl ethyl ether 4.37 4,39 
4.22 








* Theoretical yields are based on 4 mole of formaldehyde 
for 1 mole of compound. 


Nitrogen Determinations 


The nitrogen content of chloroform-extracted sam- 
ples, a procedure not used by Davis, was determined 
by the method of Cole and Parks [5], which is essen- 
tially a semimicro Kjeldahl method employing a 
selenium-mercuric oxide catalyst and a direct titra- 
tion of ammonia in boric acid. 


Laundering Tests 


Three of the samples—those treated with the pure 
stearamidomethylpyridinium chloride, pure distear- 
amidomethane, and the commercial preparation con- 
taining both compounds—were given repeated laun- 
derings. Each laundering consisted of shaking the 
cloth for 15 min. in a jar containing soap solution and 
rubber stoppers to increase agitation. Samples were 
tested for water-repellency after laundering. 


Water-Repellency Tests 


The water-repellency of the samples was measured 
by the “rolling drop” method of Schuyten e¢ al. [17], 
in which the surface tension of the solution requited 
to wet the cloth under standard conditions is taken 
as the index of the water-repellency. The lower the 
value for surface tension, the better the water- 
repellency, a value of 72 dynes/cm. indicating wet- 
ting with distilled water. 


Results and Discussion 
Distearamidomethane 


The results of treating and extracting cotton cloth 
samples with distearamidomethane are shown in 
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TABLE II. DiIsTEARAMIDOMETHANE TREATMENT OF CLOTH 












Sample : . 
weight Water- 3 
Untreated after repellency* a a 
sample chloroform Before After 2 
weight Pickup extraction extrac- extrac- rs p 
(g.) (g.) (g.) tion tion r 
2.762 0.199 2.760 38 72 c 
2.753 0.531 2.753 38 72 ] 
2.682 0.206 2.682 38 72 
10.174 0.241 10.175 38 72 


* Surface tension of solution, expressed in dynes per cm., 
required to wet the cloth. 


WATER REPELLENCY INDEX. 


Table II. The samples showed excellent water- 
repellency after treatment; but extraction with boil- 
ing chloroform completely removed the compound 4 6, - 10 
from the cloth, as shown by the loss in weight, and eee rs vet 
destroyed the water-repellency. Fic. 2. Laundry tests on treated (unextracted) sam- 
Laundering tests on distearamidomethane-treated ples. Treatment of samples: A—distearamidomethane, 


: 1% pickup; B—distearamidomethane, 2.5% pickup; C— 
cloth (Figure 2) showed that the water-repellency stearamidomethylpyridinium chloride, 1.5% pickup; D— 


was destroyed after 4-6 launderings, while treatment stearamidomethylpyridinium chloride, from emulsion 
with stearamidomethylpyridinium chloride was more containing sodium acetate, 3% pickup ; E—stearamido- 
permanent. It is interesting to note, moreover, that ™éthylpyridinium chloride, 3% pickup; F—commercial 
the distearamidomethane-treated samples showed no c ne of  steeramidomethylpyridinium chloride, 8% 
water-repellency even after the first laundering un- iain a 

,, less subjected to reheating. 




























cellulose since no formaldehyde yield was observed 
after extraction. If it was due to distearamido- 
methane, which could be formed in the curing proc- 
The results obtained with this compound, applied ess, the distearamidomethane resisted removal by 
with and without catalyst, are shown in Table III. extraction more strongly than distearamidomethane 
Without acid catalyst the added material on the applied directly. 
cloth was removed by chloroform extraction. The This residual water-repellency could be removed 
use of an acid catalyst made part of the material re- by extraction with boiling xylene (b.p. 140°C), a 
sistant to extraction, and the cloth retained good good solvent for distearamidomethane. At this tem- 
water-repellency. This remaining material was not perature, however, thermal decomposition of many 
due to methylolstearamide or to stearamidomethyl of these compounds occurs, making it likely that 


Methylolstearamide 














TABLE III. 





METHYLOLSTE*.KAMIDE: TREATMENT OF CLOTH 









Before chloroform extraction 






After chloroform extraction 








Sample Formalde- 
weight Formaldehyde Sample hyde yield 
before Water- yield weight after Pickup (% by 
treatment Pickup repel- (%by weight extraction remaining Water- weight of 
(g.) (g., total) lency* of sample) (g.) (g.) repellency* sample) 
Without acid 5.2647 0.1463 40 —_ 5.2659 0.0012 72 _ 






5.2875 0.1550 40 —_ ° 5.2865 





— 0.0010 





72 _~ 






















With acid 2.3204 0.1676 34 0.46 — _— — _ 
(maleic 2.3978 - 0.1869 34 0.54 — _— — — 

‘ anhydride) 2.5004 0.1869 34 — 2.5257 0.0253 34 0.00 

2.3560 0.1828 34 — 2.3753. 0.0193 34 0.00 


* Surface tension of solution, expressed in dynes per cm., required to wet the cloth. 
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more than a simple solvent effect is involved in this 
extraction. 

In view of the failure of the methylolamide to form 
an ether of cellulose under these conditions, it ap- 
pears unlikely that the methylolamide can be an inter- 
mediate in the reaction of stearamidomethylpyri- 
dinium chloride with cellulose, as was proposed by 
Davis [6]. 


Stearamidomethyl Acetate 


Stearamidomethyl acetate has been patented as a 
water-repellent agent for textiles [14, 19]. It is 
capable of reacting with alcohols to form the corre- 
sponding stearamidomethyl ethers in the presence of 
an acid or base (Figure 1), and decomposes on heat- 
ing to yield distearamidomethane. 

The water-repellency imparted to cloth by treat- 
ment with stearamidomethyl acetate in benzene or 
an aqueous emulsion remained through chloroform 
extraction, as shown in Table IV. Analyses of the 
extracted samples showed small amounts of nitrogen 
and small formaldehyde yields, indicating that small 
amounts of stearamidomethyl cellulose had formed. 

Attempts were made to obtain reaction of cellulose 
acetate with stearamidomethyl acetate in acetone so- 
lution since it was thought that the reaction might 
proceed better in a homogeneous mixture and that a 
stearamidomethyl cellulose derivative might be iso- 
lated. Cellulose acetate, containing 2.75 acetate 
groups per anhydroglucose unit, was warmed to 
60°C with stearamidomethyl acetate for 6 hrs. with 
a small amount of base, pyridine or piperidine, added 
since stearamidomethyl acetate has been noted to give 


TABLE V. 





Formaldehyde 
Nitrogen yield 
Samples (%) (%) 
5% Emulsion with 
sodium acetate 0.055 0.069 





10% Emulsion with 


sodium acetate 0.072 0.094 





5% Emulsion without 
sodium acetate 0.072 0.099 
10% Emulsion without 


sodium acetate 0.079 0.108 


* Values are averages of several determinations. 





STEARAMIDOMETHYLPYRIDINIUM CHLORIDE TREATMENT OF CLOTH* 


After chloroform extraction 














t Surface tension of solution, expressed in dynes per cm., required to wet the cloth. 
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TABLE IV. StTEARAMIDOMETHYL ACETATE TREATMENT 
oF CLoTH* 


After chloroform extraction 


Nitrogen Formalde- 
content hyde yield Water- 
Sample treatment (%) (%) repellencyf 
5% Stearamidomethyl 5 
acetate in benzene 0.009 0.03 48 
5% Stearamidomethyl 
acetate in aqueous 
emulsion 0.007 0.03 34 


* Values are averages of several determinations. 
t Surface tension of solution, expressed in dynes per cm., 
required to wet the cloth. 


better yields of ethers with simpler alcohols in the 
presence of a base [23]. After treatment, the prod- 
uct was precipitated by the addition of water and 
was washed well with hot benzene. The product, 
however, did not yield formaldehyde on acid hy- 
drolysis; it was concluded that no reaction had 
occurred. 


Stearamidomethylpyridinium Chloride 


Stearamidomethylpyridinium chloride is the active 
principle of several patent preparations for imparting 
water-repellency to cotton cloth [1, 2, 3, 4, 9, 10, 
21, 22]. 

Stearamidomethylpyridinium chloride was applied 
to cloth from emulsion with an equivalent amount of 
sodium acetate added, as is done in standard commer- 
cial procedure, and also without sodium acetate. 
With sodium acetate, some stearamidomethyl ace- 
tate was formed in the emulsion and was so applied 






After acetic acid extraction 


Formaldehyde 
Water- Nitrogen yield Water- 
repellencyt (%) (%) repellencyt 
34 0.000 0.028 72 


36 0.000 0.034 72 





33 0.000 0.041 72 


34 0.003 0.051 72 
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to the cloth. The results after chloroform extrac- 
tions are shown in Table V. 

It is seen that all samples retained very good 
water-repellency through extraction. The finish pro- 
duced was resistant to laundering, 11—14 launderings 
being required to remove the water-repellency (Fig- 
ure 2). 

After chloroform extraction the nitrogen content 
and formaldehyde yield of the samples remained ap- 
preciable, an indication of the presence of the stear- 
amidomethyl ether. This was further tested by ex- 
traction of the chloroform-extracted samples with 
boiling acetic acid, which was found to cleave, simple 
stearamidomethyl ethers—.e., methyl, ethyl, and 
octyl. This treatment removed all nitrogen-containing 
groups, reduced the formaldehyde yield to very small 
values, and completely destroyed the water-repellency. 

The residual formaldehyde could not have come 
from the methylene groups in a stearamidomethyl 
compound because of the absence of nitrogen, but 
may have been due to methylene groups introduced 
directly into the cellulose from the formaldehyde re- 
leased from the partial decomposition of stearamido- 
methylpyridinium chloride during the curing: process. 

The fact that no amidomethyl groups remained 
was confirmed by the application to cotton of a bro- 
minated oleamidomethylpyridinium chloride. This 
compound was synthesized by converting oleamide, 
prepared according to the method of Roe e¢ al. [15], 
to oleamidomethylpyridinium chloride, as described 
by Baldwin and Walker [3]. This pyridinium chlo- 
ride was brominated in chloroform solution by add- 
ing an excess of bromine in chloroform and removing 
the excess with diisobutylene. The chloroform was 
removed under vacuum, and the product crystallized 
from acetone. It was found that the brominated 
product did not contain sufficient bromine for the 
monobromo compound, but was apparently a mixture 
containing mainly the monobromo derivatives, as 
seen in Table VI. 

This brominated oleamidomethylpyridinium chlo- 
ride was applied to cloth with sodium acetate in the 
same way as was the stearamidomethylpyridinium 
chloride. Before extraction the samples showed a 
high degree of water-repellency. Halogen was read- 
ily detected by a copper-wire flame test (Beilstein) 
or by a silver nitrate test after hydrolysis with alkali; 


the unbrominated samples gave negative halogen’ 


tests. After acetic acid extraction of the bromi- 
nated samples, the water-repellency was destroyed 
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TABLE VI. ANALysis OF BROMINATED 
OLEAMIDOMETHYLPYRIDINIUM CHLORIDE 





Theory for 
monobromo 
Found derivatives 
Constituent (%) (%) 
Carbon 58.61-58.90 59.07 
Hydrogen 8.91-— 9.07 8.26 
Nitrogen 5.84— 5.87 5.74 
Bromine 13.34-13.35 16.38 
Chlorine 6.37— 6.40 | 
{ 
TABLE VII. STEARAMIDOMETHYL GROUPS SUBSTITUTED 
ON CELLULOSE 
Percentage by weight of 
stearamidomethyl groups 
Based on Based on 
Sample nitrogen formaldehyde Average 
With sodium acetate 
5% emulsion 1.2 0.9 1.3 
10% emulsion 1.5 1.3 1.4 
Without sodium acetate 
5% emulsion 1.5 1.2 1.4 
10% emulsion 1.6 1:2 1.4 


and halogen could not be detected, although the for- 
maldehyde yield was still 0.038%-0.048%. Tests 
with the solid compound showed that the bromine 
could not be removed from the carbon chain by these 
reagents. 

Since the chloroform extraction removes all mate- 
rials which have not combined chemically with cellu- 
lose, and the acetic acid extraction removes all the 
cellulose ether which is formed, the amount of stear- 
amidomethyl groups combined with the cellulose of 
the cloth can be calculated. In Table VII the per- 
centage. by weight of stearamidomethyl groups is cal- 
culated separately from the nitrogen and formalde- 
hyde values for each series of samples. 
value, 1.4%, is in agreement with Davis’ conclusion 
that stearamidomethylpyridinium chloride reacts with 
cellulose to the extent of 1% to 2% by weight of the 
cloth. The average value is equivalent to a substitu- 
tion of 1 stearamidomethyl group in about 150 anhy- 
droglucose units. 

This seems reasonable since less than 0.1% of the 
anhydroglucose units are on the surface of the fiber ; 
and it may be assumed that the stearamidomethyl 
groups, because of their size, are restricted to the 
surface of the fiber. Water-repellency has been ob- 
served by other workers with amounts of this mag- 


The average 
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TABLE VIII. ComMMercIAL TREATMENT OF CLOTH* 


10% Emulsion of paste with 
sodium acetate 


Formaldehyde 
Nitrogen yield Water- 
(%) (%) repellencyf 
After chloroform ; 
extraction 0.091 0.098 37 
After acetic acid 
extraction 0.003 0.033 42 


* Values are averages of several determinations. 
¢ Surface tension of solution, expressed in dynes per cm., 
required to wet the cloth. 


nitude. Marsh et al. [13], for example, working 
with a number of varieties of cotton, found that raw 
cotton contains 0.5% to 0.7% wax and is notably 
water-repellent until scoured or mechanically dam- 
aged. Walker [20] calculated that approximately 
1% of water will completely cover the available sur- 
face of cotton fibers. 

The cloth treated with stearamidomethylpyridin- 
ium chloride without sodium acetate in the emulsion 
showed about the same degree of substitution as the 
samples treated with sodium acetate in the emulsion. 
These samples, however, were considerably degraded 
after treatment owing to the absence of the neutraliz- 
ing effect of sodium acetate on the acid produced by 
hydrolysis of the pyridinium chloride. 

Acetone-soluble cellulose acetate was also treated 
with stearamidomethylpyridinium chloride in acetone 
solution, as was done with stearamidomethy] acetate. 
The results were similar in that no evidence of ether 
formation—namely, the release of formaldehyde by 
acid—was observed. 

Samples treated with the commercial paste con- 
taining stearamidomethylpyridinium chloride and di- 
stearamidomethane gave the results shown in Table 
VIII. Although the values are more variable than 
those obtained with the pure compounds, they indi- 
cate a substitution of stearamidomethyl groups of the 
same order of magnitude as that obtained with pure 
stearamidomethylpyridinium chloride: The perma- 
nence to laundering was also comparable to that ob- 
tained with the pure chloride. 

Stearamidomethyl groups, chemically combined 
with. cellulose, are undoubtedly present in the cloth 
treated with the pyridinium chloride and extracted 


with chloroform. However, whether the permanent 


water-repellency, withstanding chloroform extrac- 
tion, is due to these groups alone or is brought about 
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by the additional effect of other water-repellent sub- 
stances on the cloth could not be determined. That 
such a substance might be present is shown by the 
results with the methylolamide maleic anhydride 
treatment, where water-repellency was found after 
chloroform extraction but no formaldehyde was 
found. Such a substance could be present in the 
pyridinium chloride-treated samples. Its presence 
could account for the slightly higher values for sub- 
stitution obtained from nitrogen analysis as compared 
with those from formaldehyde yields (Table VII). 


Summary 


A textile treating bath of stearamidomethylpyri- 
dinium chloride with sodium acetate may contain, in 
addition, stearamidomethyl acetate, distearamido- 
methane, and methylol stearamide. Only stearamido- 
methylpyridinium chloride and _ stearamidomethyl 
acetate react chemically with the cellulose of cotton. 


_The acetate will only react to a slight extent, but 


the pyridinium chloride will form from 1% to 1.5% 
by weight of stearamidomethy] cellulose, or substitute 
about 1 stearamidomethyl group per 150 anhydro- 
glucose units. The water-repellency of the treated 
cloth is due to chemically bound stearamidomethyl 
groups as well as to deposited stearamidomethyl com- 
pounds, which are not chemically bound to the 
cellulose. 

The present work confirmed that a chemical re- 
action occurs between the amidomethylpyridinium 
chloride and cotton cellulose, but did not prove that 
this reaction is the only cause of permanent water- 
repellency. The results lead to a different mecha- 
nism of the reaction from that proposed by Davis in 
that the methylolamide was found not to react with 
cellulose under the conditions described, and $ mole 
of formaldehyde rather than 1 mole was released on 
hydrolysis of 1 mole of stearamidomethyl compounds. 
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Short communications in the form of Letters to the Editor are intended to provide prompt 
publication of significant new research results and to permit an exchange of views on papers 


previously published in the JouRNAL. 


These communications are not submitted to formal re- 


view as are research papers, and the editors do not assume any share of the author’s responsi- 
bility for the information given or the opinions expressed. When work previously published 
in the JouRNAL is the subject of critical comment, the authors of the original paper are given 
an opportunity to submit a reply, which will be published concurrently when possible. 


Determination of the Fat Content of Silk Soaking Emulsions 


PRESTIGE LIMITED 
Melbourne, Australia 


February 27, 1952 
To the Editor 


TEXTILE RESEARCH JOURNAL 
Dear Sir: 


The process of soaking raw silk skeins is generally 
performed with an alkaline aqueous emulsion of 
a sulfated oil (e.g., neat’s-foot), and in order to as- 
sess the efficiency of such a process it is necessary to 
determine the fat content of the emulsion. The 
usual procedure utilizes the dairy-industry Babcock 
test modified so as to be applicable to the fat emul- 
sions commonly encountered in the textile industry 
[1]. Such a method has been followed in this labora- 
tory for several years, and has been considered satis- 
factory although rather time-consuming. The method 
is summarized below (method A). 

Attempts have been made to find a quick and ac- 
curate method for the determination of the disperse- 
phase content of the fat emulsion used for soaking 
raw silk, and the method presented below (method B) 
has been developed. This method reduces the time 
required for performance of an analysis by approxi- 
mately 80% by comparison with method A, and al- 
lows quadruplicate determinations to be completed 
in 30 min. Both methods are similar in that they 
actually break the emulsion and allow the volume of 
liberated fat to be read from the graduated stem of 
the Babcock bottle. 

Hydrometer determinations of specific gravity have 
been found to bear a linear relationship to the amount 
of fat in a soaking emulsion, and such a method is 
both convenient and quick. Below 3% fat content, 


however, the method is not sufficiently accurate, and 
it has not proved of value for silk soaking emulsions 
which possess fat contents within this low range. 


Experimental Procedure 


Both methods use the standard 18-g. Babcock milk 
bottle, which has a neck reading up to 8% and is 
graduated in divisions of 0.1% based on an 18-g. 
sample. The bottle must be thoroughly clean and 
free from any film of greasy matter such as may re- 
main from previous use. The usual cleaning meth- 
ods using hot chromic acid and alcohol washes have 
been found satisfactory, whilst pipe cleaners have 
proved valuable in freeing the stem of tenacious 
greasy films. 

The sample of analysis must be truly representative 
of the entire bath, which should be thoroughly agi- 
tated before sampling. 


Method A 


Twelve grams of emulsion are weighed into a 
Babcock bottle, which is heated in a water bath until 
almost boiling. Ten milliliters of sulfuric acid (25% 
v/v, saturated with sodium sulfate) are then added 
and mixed well. The bottle is returned to the bath 
until the emulsion is completely broken and an oily 
layer has separated. Sufficient of a hot saturated 
sodium chloride solution (acidified with hydrochloric 
acid) is then added to bring the separated layer within 
the graduated stem. The bottle is centrifuged for 
5 min. in a laboratory-type hand centrifuge. The vol- 
ume of the layer is read from the stem with the aid 
of a lens, and the reading is multiplied by 1.5 to give 
the % fat content. 
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Method B 


Twelve grams of emulsion are weighed into a Bab- 
cock bottle, which is heated to almost boiling in a wa- 
ter bath. Five milliliters of a hot alcohol solution 
(containing 20% calcium chloride and 10% water) 
are added, with vigorous agitation, followed by 10 ml. 
of hot concentrated hydrochloric acid. After thor- 
ough mixing and several minutes’ heating on the wa- 
ter bath, the oil layer is brought within the graduated 
stem by pouring in hot saturated sodium chloride 
solution. The bottle is then centrifuged as above and 
the results ascertained as for method A. 


Results and Discussion 


The emulsions used in soaking raw silk are obtained 
readily by agitation of a sulfated oil directly into the 
warm alkaline bath. Such a procedure obviates the 
necessity for any emulsification process utilizing either 
simple soaps or special emulsifying agents. It is pos- 
sible for a sulfated oil to tolerate large amounts of 
unsulfated oil as well as added unsaponifiable oil 
(e.g., 30%) ; the latter ingredient is frequently used 
because of its alleged benefit to the soaked yarn [2]. 
The complete oil will therefore contain varying 
amounts of glycerides and fatty acids in both sul- 
fated and unsulfated forms, as well as water, added 
mineral oil, and inorganic matter. Soaps, hydroxy 
compounds, and polymerized products will also prob- 
ably be present, and so result in an extremely com- 
plex disperse-phase structure. Under such conditions 
it becomes difficult to accurately calculate the total 
fat content of an emulsion even when the total fatty 
matter present in the original oil has been determined. 

Table I shows the mean results of a series of de- 
terminations in which method B gave fat contents 
closer to the approximate theoretical calculated values 
than did method A. The new method is also capable 
of breaking emulsions with low fat contents (sample 
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TABLE I. % Fat CONTENT OF SULFATED NEAT’s-Foor 
Oi. EMULSIONS 


Fat content (%) 


Approxi- 
mate 
Sample Bath theoret- Method Method 
No. additions ical A B 
1 — 0.40 0.30 0.36 
2 1.0% Na:COs 0.40 0.30 0.36 
3 1.1% NaHCO; 3.00 2.82 3.10 
0.4% K2CO; 
0.4% Glycerine 
4 0.4% NaHCO; 0.09 0.00 0.08 
0.1% K2CO; 


0.1% Glycerine 





No. 4), such as those obtained after the silk has been 


removed from the bath. In such cases, method A 
would give erroneous results indicative of 100% ex- 
haustion where such has not actually occurred. An- 
other advantage of the new method is the cleanliness 
of the stem of the Babcock bottle immediately above 
the meniscus, thus facilitating the reading of the 
graduations. 

As a result of preliminary experiments it is con- 
sidered that ‘the new method reported (method B) 
may be applicable to a variety of oil-in-water textile 
emulsions made from either animal and vegetable 
fats or mineral oils. 
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Cover Factor Adjustments for Twill Weaves 


MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Textile Division 
Cambridge, Mass. 
April 1, 1952 


To the Editor 
TEXTILE RESEARCH JOURNAL 


Dear. Sir: 


The geometric term ‘cover factor’’ is finding 
increased usage in reports on fabric structure and 
physical properties of textiles. Peirce [3] has de- 
fined cover factor, K, as the ratio of threads per 
inch, t.p.i., of a yarn system to the square root of 
the yarn count, VN. The sum of warp and filling 


cover factors has been used as a measure of fabric 
tightness—4.e., 


. t.p.l.w t.p.i.s 
Tightness = K, + Ky, = ———— + ——. (1) 


This designation of tightness has a valid basis in the 
case of plain-weave cloths, but it fails to take into 
account the mode of yarn interlacing in other 
weaves. 

In design problems where tightness is of impor- 
tance, cover factors may be corrected for weave 
variations through consideration of the ‘‘weave’’ or 
“float” factor. This correction, first suggested by 
Peirce [3, 4], has been used in slightly different form 
in recent studies of abrasion-resistance [1]. Further 
application of the weave correction should provide 
improved correlations between fabric structure and 
such properties as tear-resistance and shrink-resist- 
ance. For this reason it is worth-while expanding 
the geometric basis for the correction as follows 
(select the warp cover for convenience): 


kdw 
=a 2 
- (2) 


_ t.p.tew 


K,. = ——= 
VNw 


where d, is the warp diameter, p, is the average 
warp yarn spacing (in the same units as d,,), and k 
is a factor depending upon the yarn count system 
used for N. For cotton yarn with a specific volume 
of 1.1, k is 28; for worsted, & is 22.8; and for woolen 
cut, k is 15.4. Let Y, equal the number of warp 
yarns per repeat; J,, equal the number of times the 


warp yarns are interlaced by the filling per repeat; 
and M equal : ag the weave factor. 


The weave 


w 


factor so determined can be given the subscript f, 
with reference to the filling, since the product of 
M; and the average measured filling crimp will equal 
the true local filling crimp, which may be used in 
geometric calculations according to the plain-weave 
relationships. In many weaves M will be the same 
in both warp and filling directions, and the sub- 
script may be dropped. 

The average width of the repeat across the warp 
is Yypw. If the nonseparated pairs of warp yarns, 
numbering (Y, — J.) per repeat, are considered to 
be in perfect contact, their individual spacings will 
equal their diameters, d,, and they will take up a 
total distance of (Y.— Iw)dw per repeat. This 
will leave the average spacing, p’, between the I, 
remaining separated pairs of warp threads per re- 
peat, where 


VuPw er (¥, are 


Tw 


p’ = Tw) dw 


= Mby — (M—1)dy. (3) 


If the flattening of the warp yarns is neglected, 
equation (3) may be substituted in equation (2), 
and the modified cover factor at points of yarn 
interlacing in the fabric becomes: 


kd, 1 


Mp. —(M—1)dy Mp. (M—1) 
kd., k 


Ky = 


1 
M_ (M—1)° (4) 
Kw k 


K,’ = 


An interesting report on the effect of fabric con- 
struction on dimensional stability appeared recently 
in TEXTILE RESEARCH JOURNAL [2]. In this study, 
the area shrinkage of eighteen woolen fabrics was 
plotted against the sum of their warp and filling 
cover factors (used as a measure of tightness) (see 
Figure 1). A reasonably straight line relationship 
was indicated between the chosen parameters for 
each weave, but considerable scatter occurred be- 
tween points representing different weaves. It 
would appear that application of equation (4) above 
should reduce the divergence in the shrinkage- 
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12.2 
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8.3 





K,’ 
11.4 
9.7 
12.2 
12.2 
10.2 
9.3 
11.1 
8.3 
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COVER FACTOR SUM W+#F 





Fic. 1. The relationship between the felting shrinkage 
in laundering and the cover factors of plain- and twill- 
(Data from Bogaty et al. [2]). 


i} tightness relationships for twill and plain weaves. 
With this in mind, adjusted cover factors for the 
twill constructions reported in [2] were computed, . 
as listed below, assuming .that no flattening took 


x.” + K/ 
23.6 
22.5 
25.0 
21.4 
21.0 
17.6 
19.4 
17.1 


The adjusted sums were then plotted in Figure 2 
against area shrinkage, with accompanying reduc- 
tion in scatter between points representing different 
weaves. This would seem to bear out the rough 
quantitative validity of the proposed correction 


in laundering and the weave-corrected cover factors of 
plain- and twill-woven fabrics. 
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Fic. 2. The relationship between the felting shrinkage 
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Natural and Synthetic High Polymers. Secdnd 
edition. K. H. Meyer. New York, Interscience 
Publishers, Inc., 1950. 911 pages. Price, $15.00. 


(Reviewed by H. M. Spurlin, Hercules Experiment 
Station, Wilmington, Del.) 


The predecessors of this volume, by Meyer and 
Mark in 1930 and by Meyer alone in 1940, were 
unique in their accurate and lucid treatment of high- 
polymer behavior. Now, there are many, possibly 
too many, books on specialized fields of polymer 
chemistry. However, Meyer’s book is still the best 
for those who need an over-all knowledge of poly- 
mers. It is recommended particularly for specialists 
who need to compare their problems with those in 
other fields. The revision is quite thorough and up 
to date. 

There is more emphasis on natural high polymers 
than on the synthetics. Rubber, cellulose, starch, 
gums, proteins, and enzymes are all treated at length. 
The discussion of inorganic polymers is especially 
valuable. This emphasis on natural products leaves 
relatively little room for some materials of great 
interest. In particular, condensation reactions of 
polyfunctional compounds are almost completely 
neglected. Only 10 pages are devoted to urea- 
formaldehyde, phenol-formaldehyde, and _ similar 
products. 

In spite of Meyer’s fame as an organic chemist, 
the physical and physical-chemical points of view re- 
ceive more emphasis than the organic point of view. 
There is, on the whole, a good balance between the 
three aspects of polymer behavior. Meyer col- 
laborated with A. J. A. Van der Wyk and C. Weis- 
senberger on the chapter on mechanical properties, 
and with Van der Wyk on solutions. 

One interesting point is the preference for refer- 
ences to European, especially German, work rather 
than to American work. For example, there are 10 
references to Deodata Kriiger and one to C. J. 
Malm; an American work gives 5 to Kriiger and 
20 to Malm. The work of these investigators in the 
field of cellulose acetate is of comparable significance. 
On the whole, it appears that the treatment of poly- 
merization and polycondensation kinetics is the only 
one that suffers by the neglect of reference to 
American work. 


Book Reviews 


Meyer is the master of the pithy summarizing 
statement at the end of a topic. Most of these are 
very good, but a few, such as those on solvation on 
page 686 and on association on page 699, can be 
misleading. 

This book should be very valuable in the textile 
field. Many workers should be able to obtain most 
of their background information from it. 


The Strength of Plastics and Glass. R. N. 
Haward. London, Cleaver-Hume Press, Ltd., and 
New York, Interscience Publishers, Inc., 1949. 245 
pages. Price, $5.50. 


(Reviewed by B. M. Axilrod, National Bureau of 
Standards, Washington, D. C.) 


This compact survey presents a wide variety of 
technical information as well as theories to explain 
the strength and deformation behavior of plastics 
and glass. 

A chapter on the static strength of plastics in- 
cludes a comparison of theoretical and measured 
tensile strength and discussion of the influence on 
strength of such factors as polymer chain length, 
plasticizers, temperature, and time. An interesting 
chapter on the static strength of glass is concerned 
mainly with time and temperature effects and with 
Griffith’s flaw theory and its extensions, the statis- 
tical theory of strength, and the adsorbed surface- 
film theory of static fatigue. In a chapter on defor- 
mation, principally of plastics, this property is con- 
sidered both empirically and from a molecular view- 
point, with separation into Hookean, highly elastic, 
and viscous components of deformation ; the “glassy” 
and “rubbery” states are described in relation to 
such factors as temperature and plasticizer content. 
Hardness, an ill-defined property, is the subject of 
another chapter; some theory is stated, and the re- 
sults of various types of hardness tests are com- 
pared. The chapter on impact strength is quite 
thorough, with mention of the many factors com- 
plicating actual tests, the effect of velocity of impact 
and of repeated impact, and-the relation of impact 
strength to other strength properties. An error 
occurs in Figure 71—the impact strengths are 10 
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times too high. The last chapter describes the prop- 
erties of complex materials such as laminated plastics. 

This book, since it describes aspects of the strength 
properties of plastics and glass, should be a valuable 
reference for scientists and engineers concerned with 
the physics of high polymers and glass. 


Technological Applications of Statistics. L. H. 
C. Tippett. New York, John Wiley & Sons, Inc., 
1950. 189 pages. Price, $3.50. 


(Reviewed by Rogers B. Finch, Massachusetts Insti- 
tute of Technology, Cambridge, Mass.) 


It is always a pleasure to read a book or an article 
by Mr. Tippett, because he has the truly rare ability 
to write the readable technical book. This is not 
easy in a field as complex as that of the application 
of statistical methods to technological problems. For 
a number of years the author has been engaged in 
determining how these methods might be applied and 
in presenting his findings in such a manner that they 
might be readily understood by those having not 
more than a nodding acquaintance with statistical 
methods. 

As one who attended the series of lectures upon 
which the book is based, this reviewer can find little 
resemblance between the two, aside from the very 
excellent illustrations and examples presented. This 
is perhaps to the author’s credit, as a series of lec- 
tures in print often does not serve the purpose for 
which it was originally presented. 

The book is remarkably free of mathematical theory 
and derivation. The mathematical statistician might 
be highly critical of this, inasmuch as statistical meth- 
ods are by their very nature highly mathematical. 
The author explains this by stating that the theory 
of the various methods is quite adequately covered 
by other authors. On the other hand, he attempts to 
give the reader a “feel” for application of the methods 
through the use of examples, and at the same time 
avoids the presentation of cookbook recipes which 
may be selected to fit the situation faced by an ex- 
perimenter. In this, he is notably successful. 

The contents are divided into two principal parts 
—“The Routine Control of Quality” and “Investiga- 
tion- and Experimentation”’—in that order. This 
order may seem a little odd, inasmuch as the author 
emphasizes that the latter must be completed and 
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analyzed before the former may be attempted. How- 
ever, he fully justifies this by gradually leading into 
statistical methods through the control of quality, 
Thus, the need for previous definition of the qualities 
to be controlled becomes increasingly evident. One 
statement made early in the book, the importance of 
which may be lost because of its briefness, is that 
“The technician must be able to state precisely what 
he requires before the statistician can say precisely 
what to do.” This is certainly the key to successful 
application of statistical methods. 

The author has taken due account of the economic 
considerations underlying the application of these 
methods. This is a reflection of the many years of 
experience he has had with industrial problems. An 
appreciation of this factor by the industrial statisti- 
cian can be of tremendous aid when the time comes 
for “selling” a program to management. 

Throughout the book the reader is constantly re- 
minded that the application of statistical methods is 
more nearly an art than a science. It requires good 
judgment and an extra measure of common sense, 
coupled with sound interpretation of the quantitative 
findings. The reader will undoubtedly feel a sense 
of confidence in his ability to make these methods 
work in his own problems, but at the same time he 
will feel’ that he must exercise caution in drawing 
conclusions from them which may not be warranted 
because of the limitations of the methods or of the 
assumptions underlying his application. 

The author presents no new theories of statistical 
methods, but does give very complete coverage of 
the useful methods, including some which have only 
recently found their way out of the mathematician’s 
remote domain. It is, then, his method of presenta- 
tion which makes this book so valuable to the indus- 
trial technician. 


Identification of Textile Materials. Third edi- 
tion, Manchester, England, The Textile Institute, 
1951. 94 pages. Price, 10/6d. 


The rapid growth in the use of fiber blends is 
emphasizing the need for practical methods for the 
identification of their component parts. Unfor- 


tunately, the situation is complicated by the fact 
that one fiber may mask the behavior of another. 

In this book, which is revised and greatly enlarged 
over previous editions, 20 pages are devoted to a 
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discussion of the characteristics of fibers which are 
important in their identification. Half-tone illustra- 
tions show the appearance of typical fibers in cross- 
section and in longitudinal direction. Detailed an- 
alytical procedures are provided by 6 tables in which 
are described the various tests which have been de- 
veloped and the behavior under test of the principal 
natural and man-made fibers. Included is a list of 
manufacturers of rayon and synthetics with the trade 
names of their products. 


Standard for Flameproofed Textiles. NFPA 
No. 701, 1951. NFPA Committee on Flameproofing 
and Preservative Treatments. 22 pages. Price, $.35. 

’ (Available through National Fire Protection Asso- 
ciation, 60 Batteryrnarch Street, Boston 10, Mass.) 


Interest in the process and performance charac- 
teristics of flame-retardant compositions may be 
found in many areas of the manufacture and con- 
sumption of textile fabrics. The problem of evalu- 
ating the effectiveness of flameproofing formulations 
arises in the manufacture of retardants, the finishing 
of fabrics in the mill, or the application of flame- 
proofing compounds to decorative fabrics in public 
or private buildings. The revised Standard for 
Flameproofed Textiles will be of the greatest. as- 
sistance to persons engaged in the latter activity. 

Being a complete revision of Recommended Re- 
quirements for Flameproofing Textiles, which was 
originally adopted in 1941 and reprinted in pamph- 
let form in 1948, the new Standard contains up-to- 
date modifications of testing procedures and per- 
formance requirements for both temporary and 
durable flame-resistant finishes. Of particular im- 
portance is the recognition of the variability of 
charring characteristics with changes in fabric weight. 
Suggested nonproprietary flameproofing formula- 
tions are included. 

This pamphlet does not cover the field of flame- 
resistant clothing fabrics, but deals specifically with 
recommended performance requirements for curtain, 
drapery, and upholstery fabrics for indoor use, and 
tentage and awning materials for exterior applica- 
tions. It should be particularly helpful to those 


individuals or concerns engaged in the processing 
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of such textiles, as well as to state or city govern- 
ment employees charged with the enforcement of 
local ordinances governing the flammability of deco- 
rative textiles in places of public assembly. 


Vol. 
New York, Aca- 
xii + 640 pages. Price, - 


Physical Methods in Chemical Analysis. 
II. Edited by Walter G. Berl. 
demic Press, Inc., 1951. 
$13.50. 


(Reviewed by Helmut Wakeham, Textile Research 
Institute, Princeton, N. J.) 


This book is the complement to Volume I, re- 
viewed in TEXTILE RESEARCH JOURNAL 20, 740-1 
(1950). In it the editor and authors have discussed 
electrical, magnetic, and miscellaneous techniques 
which are applicable to analytical problems. Sub- 
jects include polarimetry, conductometric analysis, 
potentiometric analysis, electrography, magnetic 
methods, surface area determinations, surface ten- 
sion measurements, vacuum techniques, radioactive 
tracer applications, chromotography, and gas analy- 
sis by thermal conductivity. There is also a chapter 
on statistical analysis. 

The chapters dealing with these subjects were pre- 
pared by recognized authorities in their respective 
fields, and they reflect the expert knowledge of the 
authors. For the most part, the material is presented 
in such a way that the well-trained scientist can 
understand and acquire some familiarity with the 
physical methods described. The fundamental prin- 
ciples and theory on which each method is based are 
presented, the apparatus and procedures employed 
are described, the applications, precision, and limita- 
tions are discussed, and many literature references 
for further study are given. 

It is difficult for any one reviewer to evaluate the 
completeness and correctness of the material pre- 
sented in a book of this type. In general, the treat- 
ments appear to be fairly complete. In some cases 
the reader is assumed to have more previous knowl- 
edge than one ‘might expect him to have—for ex- 
ample, the chapter on statistical analysis is developed 
on a fairly high level for the elementary reader. 

The book is printed on good-quality paper, and 
the illustrations are exceptionally well done. 
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SCIENCE and COM- C Oo L oO R 

MON SENSE yield 

the answers to Sear in BUSINESS, SCIENCE, and INDUSTRY 
color problems . . . by DEANE B. JUDD, 


Chief of the Colorimetry Unit, National Bureau of Standards 


Presents information that is basic to the manufacturing and marketing 
of textiles... 


V 


Because it’s practical. . . 

Color is written in terms of the purchase, production, and sale of com- 
modities whose color affects their usefulness and price. Dr. Judd avoids 
an academic treatment of the abstract ideas behind color measurement 
and sticks to facts that you can readily convert into improved use and 
handling of color. 


Three-way coverage of hundreds of topics . . . 
Throughout the book, the author integrates the physical, psychologi- 
cal, and physiological concepts of color, instead of presenting them sepa- 


rately. This tridimensional thinking helps you to attack your particular 
color problem from all sides. 


An expert comments: 


“In his book, Dr. Judd has presented precisely the material which is needed 
for those interested in industrial color applications and has presented the ma- 
terial in his usual excellent style. This book is a necessary addition to the 
Test this book against your library of anyone interested in color...” 
own needs... From Dr. E. |. Stearns 
Sead for an on-approvel Chairman of the Inter-Society Color Council 


copy today. 1952 401 pages $6.50 
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THIRD CANADIAN TEXTILE SEMINAR 


Kingston, Ontario 


September 11-13, 1952 





WANTED 
for 


TEXTILE RESEARCH 


Physicist, or equivalent, with broad 






























The Third Canadian Textile Seminar, 
sponsored by The Textile Technical Fed- 
eration of Canada, will be held at Queens 
University, Kingston, Ontario. 









interests. Experience in the field 

The program consists of papers and 
discussions by well-known authorities on 
the various aspects of manufacturing and 
technology. 


of textile physics is desirable but 
not essential. Exceptional opportu- 





nity. Please give résumé of personal 


Accommodations in Kingston are 
somewhat limited, and a large attendance 
is expected. Therefore, those interested 
should write at once for information to: 


and professional background and 










state salary desired in first letter. 






THE KENDALL COMPANY 
(Research Laboratories) 
P.O. Box 1828, 521 East Morehead Street 
Charlotte, North Carolina 






Mr. Jonn Merriman, Secretary 
The Textile Technical Federation of Canada 
1410 Guy Street 
Montreal, Quebec 











